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SUMMARY
Devolatilization is an important step in fluidized bed combustion and gasification of coal. ‘Devolatilization’ is a general
term that signifies the removal of volatile matters from the coal matrix. It is an extremely important step because the
combustion of volatile matter can account for 50% of the specific energy of fluidized bed combustion of a high-volatile
coal. Significant insights into the complex physicochemical phenomena that occur during devolatilization have been
obtained in the recent years. This review focuses on the devolatilization of coal in an inert gas, air, and oxygen-enriched
air, with emphasis on the effects of the operating parameters (e.g. temperature, heating rate, pressure, and gas velocity)
on the yield of volatile matter. Particle size, oxygen content of the fluidizing gas, volatile content of coal and specific
heat are some of the other important parameters for the devolatilization of coal. This review also explains the
development and application of structural and empirical models. The structural models (e.g. FG-DVC and CPD
models) are fairly complex. However, they can accurately predict the yields of gas and tar. It is observed from the review
of the literature that the mechanism of coal devolatilization needs further study. Although the shrinking-core model can
describe the devolatilization in the beginning and toward the end of the process, major deviations are often observed.
The economic studies reveal that the capital cost of fluidized bed combustion reduces upon doubling the capacity. Some
problems associated with bubbling fluidized bed combustion (e.g. the increase in freeboard temperature) have been
explained with the present knowledge of devolatilization. Copyright r 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION
Coal has fueled the industrial revolution in the
previous two centuries. The primary energy resource
in many countries (e.g. India) is not oil, but coal. To
illustrate, coal accounted for 53% of India’s energy
consumption in 2007, and the demand is set to grow
over the ensuing decades. Because coal is cheap and
abundant domestically, it may seem like the perfect
solution to the energy requirements of these countries.
However, coal is the most-polluting fossil fuel. The
conventional methods of utilization of coal have low
efficiency and high pollution characteristics in compar-
ison with oil and natural gas. A few clean coal
technologies, such as Integrated Gasification Com-
bined Cycle (IGCC) and Fluidized Bed Combustion
(FBC), have been identified as viable technologies to
circumvent these problems. A fundamental under-
standing of the physical and chemical processes
involved in the modern coal conversion technologies
is necessary to achieve a higher efficiency and less
adverse impact on the environment.
This article presents a review of the literature on the
devolatilization of coals pertinent to the fluidized bed
gasification and combustion processes. Emphasis is
given on the parameters that are important to improve
the efficiency of fluidized bed coal combustion and
gasification. Special attention is given to the coals that
contain high amounts of volatile matter so that this
article can be helpful for the design and control of
commercial fluidized bed combustors or pyrolyzers
that use this type of coals. In this review, the
mechanism of devolatilization, the nature of transfor-
mation that occurs inside the coal particles, and the
products of devolatilization are discussed. The devo-
latilization models available in the literature are
reviewed focusing on the type of the model, chemical
kinetics of coal devolatilization, and the devolatiliza-
tion of large particles. This article explains the present
state of knowledge on coal devolatilization, develops
Copyright r 2011 John Wiley & Sons, Ltd.
a perspective of the technology used, and explains the
scope of future work.
2. FUNDAMENTAL ASPECTS OF
COAL DEVOLATILIZATION
2.1. Chemical structure of low-rank coals
It is necessary to understand the chemical structure of
the low-rank coals to explain the structural changes
which occur during coal devolatilization. The chemical
structure of coal depends upon the process through
which it has formed. Coal originates from peat, which
is formed from plant matter that deposits or grows in
swamps. The transformation from peat to coal occurs
via the application of heat and pressure. Generally, the
peat deposit is buried under sediments (e.g. sands and
clays), and the thickness of this overburden determines
the temperature and pressure to which the deposit is
exposed. This transformation process is thermodyna-
mically favorable, and it is called coalification.
Peat is composed of a significant amount of lignin
and cellulose, which is present in the original plant
deposits. In the first stage of coalification, dewatering
and decomposition of the hydrophilic functional
groups of peat occurs because of the increase in pres-
sure and temperature. The cellulose begins to undergo
decomposition while the lignins are preserved, and
they become concentrated in peat. Formation of the
humic acid functional group follows to which cations,
such as Na1, Ca12, Mg12, Fe13 and Al13, can bind to
form humate. The ensuing gelation stage involves the
formation of colloidal humic gels, which precipitate in
void spaces resulting in the reduction of the porosity of
peat. As coalification progresses, the oxygen content of
the coal is gradually reduced via decomposition of the
carboxyl (ÿCOOH), methoxyl (ÿOCH3), and carbo-
nyl (4C5O) functional groups, as well as ring oxy-
gen. The final stages of coalification involve the
condensation of humic acids to larger molecules and
the removal of aliphatic and alicyclic functional
groups. This chemical change indicates that the coal
gradually becomes more and more aromatic and car-
bon-rich in nature [1].
A number of hypothetical models of the structure of
coals have been developed. A typical structure pro-
posed for bituminous coal is depicted in Figure 1. It is
observed in this figure that the coal is composed of
groups of aromatic ring clusters that are cross-linked
Figure 1. Structure of bituminous coal [2].
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by aliphatic or ether bridges. The size of the aromatic
ring varies from one to multiple rings per cluster, and a
variety of functional groups (e.g. carbonyl, carboxyl,
ether, and phenol groups) are attached to the rings.
The aromatic rings may be mono-substituted with
heteroatoms, such as nitrogen, sulfur, or carbon. This
covalently bonded chain of aromatic ring clusters is
known as the immobile phase. Small interstices or holes
are present throughout this continuous chain of aro-
matic ring clusters, in which smaller molecules may be
trapped. These molecules are generally aliphatic in
nature. However, minerals such as quartz (SiO2) and
kaolinitic clays (e.g. Al2Si2O4(OH)4) may also be pre-
sent. These molecules constitute the so-called mobile
phase. Inorganic materials, such as Na, K, Ca, Al, and
Fe, are also found within the coal structure. They are
typically attached to carboxyl (or similar) groups, or
included as chelate complexes [3–5].
2.2. General mechanism of coal
devolatilization
The physicochemical transformations, which occur
during devolatilization, have been investigated by a
number of workers [3–7]. They have proposed various
mechanisms to describe the transformations. The
mechanism proposed by van Heek and Hodek [5] for
the devolatilization of coal is shown schematically in
Figure 2. According to this mechanism, the coal
degradation process starts with the desorption of
moisture and some light gases (mainly methane and
nitrogen) at393K. On further heating, distillation of
the mobile phase occurs at temperatures above 523K
leading to the formation of tar, particularly the
aliphatic tar components. At temperatures greater
than 673K, degradation of the immobile phase starts
resulting in the formation of the aromatic tar fractions,
a number of light gases (e.g. H2O, CO, and CO2), and
low-molecular-weight hydrocarbons (e.g. CH4, C2H4,
C2H6, C3H6, and C3H8). Finally, condensation of the
vaporized aromatics to char occurs at temperatures
above 873K. This is associated with the decomposition
of heterocyclic compounds yielding N2, H2S, and CO.
Hydrocracking of the aromatics also occurs, which
releases H2 [5].
Solomon et al. [4] proposed the following mecha-
nism which describes the formation of the tar and char
fractions.
Stage 1: Depolymerization occurs by the rupture of
weaker bridges in the coal macromolecule to release
smaller fragments, which make up the metaplast.
Stage 2: Repolymerization (i.e. cross-linking) of the
metaplast molecules takes place.
Stage 3: Transport of lighter molecules away from
the surface of the coal particles occurs by combined
vaporization, convection, and gas phase diffusion.
Stage 4: Internal transport of the molecules to the
surface of the coal particles takes place by convection,
by diffusion into the pores of non-softening coals, and
by liquid phase diffusion or bubble transport in soft-
ening coals. Char is formed from the unreleased or
recondensed fragments. Various amounts of loosely
bound guest molecules, usually associated with the
extractable material, are also released during devola-
tilization.
This mechanism is similar to that proposed by van
Heek and Hodek [5] except that the metaplast stage
described here is called mobile phase by van Heek and
Hodek [5]. Solomon et al. [3] proposed a structural
model for sub-bituminous coal, which is shown in
Figure 3. Comparing Figure 3(a) and (b), it can be
observed that the aliphatic bonds denoted by (2) in
Figure 3(a) have ruptured, and the carbon radicals
formed in the process picked up the hydrogen radicals
to form either methyl or ethyl groups. The hydrogen
radicals have been generated by the dehydrogenation
of a hydroaromatic ring such as that shown in the
lower right side of the molecule in Figure 3(a). These
two breakages of aliphatic bonds result in the frag-
ments which are light enough to evolve as tars [3].
The aliphatic ether bond denoted by (1) in Figure 3(a)
has been disrupted leading to the formation of a
hydroxyl group via a hydrogen radical, which is
depicted in Figure 3(b). At the position labeled (3) in
Figure 3(b), condensation of two hydroxyl groups has
resulted in the formation of a second aromatic ether
bond and the release of H2O. Other independent
transformations have occurred such as the decomposi-
tion of the carboxyl group depicted at the center of
Figure 3(a) to yield CO2, an aliphatic ether bond has
been ruptured releasing a methyl group as CH4 (on the
left side of Figure 3(a)), and a mercaptan in the lower
right corner of Figure 3(a) has detached to form H2S [3].
These transformations are similar to those described in
the mechanism proposed by van Heek and Hodek [5].
The structural changes shown in Figure 3 are those
that occur during primary devolatilization. During this
stage, decomposition of the macromolecular structure of
the coal takes place. The disintegrated fragments pro-
duced from primary devolatilization are small, which can
Figure 2. Main reactions that occur during coal pyrolysis
as per the mechanism of devolatilization proposed by van Heek
and Hodek [5].
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escape from the coal surface [8]. Secondary devolatiliza-
tion is the decomposition of the components evolved
during primary devolatilization in the vapor phase.
Pather and Al-Masry [9] have proposed a mecha-
nism of coal devolatilization that involves three stages
as described below.
Figure 3. Hypothetical chemical structure of a sub-bituminous coal and the change in structure during devolatilization [3].
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Stage 1: Release of primary volatile matters at the
solidÿgas interface occurs due to thermal decomposition.
Stage 2: Secondary volatile matters are produced
during the diffusion of gaseous products through the
pores within the coal particles.
Stage 3: Tertiary volatile matters are produced due
to the decomposition reactions occurring in the void
spaces between the particles.
The secondary decomposition described in Stages 2
and 3 by Pather and Al-Masry [9] is essentially the
transformation of tar species, which are formed during
primary devolatilization through the reactions such as
tar cracking, dehydrogenation, aromatization, and
condensation. The lighter fraction of primary volatile
matter is generally stable. However, at the higher
temperatures, decomposition of benzylic compounds
has been reported in the literature [10].
Several works have studied the secondary
decomposition of tar [10–14]. These works have
focused on the rationalization of the influence of
various operating parameters. A mechanism of tar
decomposition was proposed by Hesp and Waters [10]
based on a bench-scale study of decomposition of
tar produced in a carbonizer when passed through a
bed of coke in the temperature range of 973ÿ1273K.
This mechanism suggests that tar decomposition takes
place in three distinct phases, which are summarized
below.
Phase 1: This phase involves rapid decomposition
into gas and carbon. The amount of tar decomposing
to gas is directly proportional to the temperature of
cracking, and the time required is inversely propor-
tional to temperature. Gas is the main product, which
indicates that the gas-forming reactions are quicker
than the reactions that form carbon.
Phase 2: This phase involves the formation of car-
bon by the secondary decomposition of gas. Hydrogen
is also formed, accompanied by the slow decomposi-
tion of the tar, which escapes the cracking reactions in
the first phase. Since a major part of the total carbon is
obtained in this phase, it is called the phase of carbon
formation. It is much longer than the first phase, and its
duration is inversely proportional to the temperature
of cracking.
Phase 3: The third phase involves slow evolution of
gas from tar after the first two phases of decomposi-
tion. The amount of gas formed in the third phase is
directly proportional to the amount of tar entering into
the third phase, and is inversely proportional to the
temperature of cracking.
Therefore, it is evident that the devolatilization
process is related to the structure of the parent coal.
The structural and mechanistic models form the basis
on which the observations regarding the influence of
various operating parameters on the devolatilization
can be analyzed. Experiments can be designed to
ascertain the controlling mechanism for fluidized bed
combustion and gasification processes.
2.3. Effects of various parameters on coal
devolatilization
As the coal devolatilization process is complex in
nature, several parameters have direct and indirect
influence over the nature and composition of the
products evolved during devolatilization. Of these
parameters, the most significant are the rank of the
coal, particle size, heating rate, gaseous environment,
temperature, pressure, superficial gas velocity, oxygen
concentration, fragmentation of coal, and the presence
of cations that have catalytic effect on coal devolati-
lization. Moisture content of coal is related to its rank.
The moisture content decreases as the rank of the coal
increases. For low-rank coals, the moisture content is
high, and the removal of moisture plays an important
role in devolatilization. The majority of works
reported so far in the literature is related to the
combustion of pulverized coal. However, recently,
efforts have been made to study the devolatilization of
large coal particles relevant for fluidized bed coal
combustion and gasification. The effects of some of
these parameters are discussed in detail in the
following sections.
2.3.1. Effect of rank of coal. The rank of coal depicts
the stage at which the coal has reached on its
coalification path. With increase in the rank, the
carbon content increases, and the moisture and volatile
matter contents decrease. The volatile matter released
by lignite contains a large proportion of oxygen
compounds, whereas the same released by the bitumi-
nous coals contains a large proportion of hydro-
carbons. Lignites release a high percentage of volatile
matter at temperatures as low as 773K [15–17]. The
yield of devolatilization reaches the proximate volatile
content of coal in the temperature range of 973–
1173K. There is no effect of particle size on the yield of
volatile matter for lignites. Furthermore, the total yield
of volatile matter does not exceed the proximate
volatile content. However, in case of bituminous and
anthracite coals, the total yield of volatile matter often
exceeds the proximate volatile content of coal [17].
Also, the yield of volatile matter increases with
increase in particle size for bituminous and anthracite
coals [15].
2.3.2. Effect of temperature on devolatilization. Tem-
perature is an important parameter for any coal
devolatilization process [18]. The effects of tempera-
ture on the yields of tar, gas, and char have been
reported by Tyler [19]. It is observed from his work
that the yield of C1ÿC3 hydrocarbons increases
linearly with the increase in temperature, while
the total volatile yield increases significantly up
to 1000K, and then becomes invariant with tem-
perature. Several other investigators have corrobo-
rated this behavior [10–12,14,20–22]. It is evident from
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the results shown in Figures 4ÿ7 that the yields of the
products have different trends as the temperature of
devolatilization increases. Xu and Tomita [12] have
reported that the yield of product is relatively constant
up to 873K. This is also observed in the results
reported by Hesp and Waters [10], Tyler [21], and Cliff
et al. [22] for several volatile products. The yield of tar
increases with temperature up to 873K, and sub-
sequently decreases by almost 50% beyond this
temperature [10,12,22]. Xiong et al. [23] have studied
the pyrolysis of lignite and bituminite in a fluidized bed
reactor. They have reported that the yield of tar is
highest in the temperature range of 823ÿ923K. They
have reported a tar yield of 11.4% (by weight) for
bituminite and 6.4% for lignite on the dry ash-free
(daf) coal basis. They have used simulated pyrolysis
gas as the reaction atmosphere. Considering the
mechanisms of primary and secondary decomposition
discussed earlier, this trend suggests that at tempera-
tures lower than 873K, secondary decomposition
reactions are minimal and primary decomposition is
dominated by Stage 1 reactions. Above 873K, primary
decomposition via Stages 2ÿ4 begins to become more
significant, as does the extent of the secondary
decomposition reactions.
Xu and Tomita [12] monitored the yields of gases
produced when the primary volatiles from a bitumin-
ous coal were allowed to pass through a packed
bed reactor at various operating temperatures. This
enabled them to investigate the extent of the secondary
reactions. The yields of the products are summarized
in Table I for a gas phase residence time of 7 s. Table I
confirms that the minimal secondary decomposition
reactions occur below 873K. Immediately above
873K, there is a noticeable increase in the yields of H2,
CO, CH4, C2H4, C3H6, and benzene. It is apparent
that the secondary decomposition reactions of Phase 2
occur due to the increase in coke formation. The yields
of CO2 and H2O remain rather constant, whereas the
yields of the majority of the remaining gases tend to
decrease steadily with temperature. These results also
show that at 1173K, only H2, CO, CO2, H2O, CH4,
C2H4, and benzene are present to a significant level.
This agrees with the observations of several other
workers [10,21,22]. The decrease in the yield of the
heavier products indicates that secondary decomposi-
tion has taken place. The products are not limited to
hydrogen. They also contain methane and ethylene,
and to a lesser extent, benzene. The formation of coke
Figure 4. Effect of temperature on the yields of tar, total
volatile matter, and C1ÿC3 hydrocarbons [19].
Figure 5. Effect of temperature on the yields of C3H6 and
C3H8 [19].
Figure 6. Effect of temperature on the yield of CH4 [19].
Figure 7. Effect of temperature on the yields of C2H4 and
C2H6 [19].
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indicates that the Phase 3 decomposition has not been
reached, because this phase is characterized by the
gradual release of H2 and CO, and only becomes
predominant at longer residence times [10].
Calkins et al. [24] examined the thermal cracking of
a typical coal tar vapor by measuring the yields of the
gases after passing the tars produced at 873K through
a tar cracker. The thermal cracking reactions were
investigated by varying the cracker temperature.
They observed that the temperature at which cracking
became apparent decreased with the increase in the
length of the carbon chain. Thermal cracking of
1-butene was observed at 923K, whereas the minimum
cracking temperature was 1273K for methane. It is
interesting to note that the yield of ethylene (which is
a major product of the thermal cracking reactions)
increased consistently with temperature.
From the foregoing discussion, it can be concluded
that the trends observed in the yield and the distribu-
tion of the products of devolatilization with variation
of temperature can be rationalized using the mecha-
nisms proposed by Solomon et al. [3], and Hesp and
Waters [10] for the primary and secondary decom-
position reactions.
2.3.3. Effect of pressure. The effect of operating
pressure on coal devolatilization is most notably
characterized by the decrease in the tar yield and
decrease in the total yield of the volatile matter [20,25].
Ladner [25] noted that the decrease in the yield of tar
was accompanied by an increase in the yield of char.
Suuberg et al. [20] and Ladner [25] have reported that
the total yield of the hydrocarbon gases increased with
increase in pressure, which has been supported by
Gokhale et al. [26]. A significant amount of additional
gases is produced at the higher pressures, which can be
attributed to the increase in methane formation [25,26].
This suggests that the devolatilization at high pressures
is governed by Stages 3 and 4 (primary), and Phase 2
(secondary) decomposition reactions. It should be
noted that Phase 2 has been suggested because the
increase in the total yield of char indicates that the
process is in the phase of char formation. Shin et al.
[27] have studied the gasification of bituminous coal
at high pressure in inert and oxidizing atmospheres.
They have observed a decrease in carbon conversion in
inert atmosphere with increase in the pressure.
Increase in external pressure during devolatilization
results in a decrease in the differential pressure between
the pores and the external particle surface. This
suggests that the driving force for the transport of the
products out of the particle is reduced, resulting in
a longer residence time in the pores. This is further
enhanced by the decrease in the molecular diffusivity
of the product species arising from the increased
pressure. Ultimately, the slowdown of the transport
processes within the particle extends the contact time
of the products with the coal structure, and exposes
them to a greater opportunity for the secondary
reactions to occur. Also, the thermal cracking reactions
of the tar species along with condensation to form char
predominate. This leads to the reduction in the yield of
tar, and increase in the yields of the hydrocarbon gases
and char. The primary species formed from the thermal
decomposition of the initial coal structure are not signi-
ficantly altered by the increase in pressure. However, the
effect of pressure is manifested during the subsequent
transformations. Shin et al. [27] have reported that
carbon conversion increases in oxidizing atmosphere as
the pressure in the system increases. At higher pressure,
more oxygen is available for oxidation of carbon and
volatile compounds. This is the likely reason for the
increase in carbon conversion.
Cho et al. [28] have studied gasification of coal at high
pressure. They found that carbon conversion and gas
concentrations varied linearly with the oxygen/carbon
Table I. Effect of temperature on the yield of products from a bituminous coal [12].
Yield (weight %)
T (K) H2 CO CO2 H2O CH4 C2H4 C2H6 C3H6 C3H8 C4
773 0.4 2.1 1.7 4.0 3.5 0.8 0.90 0.60 0.30 0.50
873 0.4 2.0 1.6 4.3 3.6 0.9 1.00 0.80 0.30 0.60
973 0.5 2.5 1.4 4.1 4.6 1.9 1.00 1.30 0.20 0.70
1073 0.6 2.7 1.9 4.1 5.4 3.0 0.50 0.40 0.00 0.20
1173 0.9 3.4 2.0 3.6 5.7 2.0 0.05 0.03 0.00 0.04
C5ÿC6 Benzene Toluene Xylene Phenol Cresol Xylenol Coke
773 0.60 0.1 0.3 0.3 0.40 0.6 0.6 1.2
873 0.70 0.2 0.3 0.3 0.40 0.6 0.6 1.4
973 0.40 0.3 0.4 0.4 0.40 0.6 0.4 2.3
1073 0.10 0.8 0.5 0.5 0.30 0.3 0.1 3.1
1173 0.03 1.3 0.2 0.2 0.04 0.1 0.0 4.9
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ratio at temperatures over 1500K and 1500kPa pres-
sure. Under these conditions, the reactions are primarily
diffusion controlled. The exit carbon conversion was
found to vary with the type of coal.
2.3.4. Effect of heating rate. To study the effect of
heating rate, other parameters should be kept constant.
Study of devolatilization can be performed in different
types of reactor, but factors such as gas phase
residence time must be kept constant so that the
product yields are directly comparable. The most
common techniques that have been adopted by various
workers for the study of the effect of heating rate are
the wire mesh [20] or micro sample strip reactors [29].
Such reactors typically utilize either wire mesh grid or
thin heating elements over which the coal sample is
thinly dispersed to enable easy escape of the volatile
products. Hence, the secondary decomposition is
reduced. In these reactors, heating rates employed
were in the range of 100–10 000K sÿ1. The amount of
sample used in these studies was 20mg. Niksa et al.
[29] deduced that the effect of heating rate was not
uniform and it was dependent on the pressure of the
system. It was found that the increase in heating rate
increased the total volatile yield in vacuo, and the
magnitude of increase was in the range of 10–20%
when the heating rate was increased from 100 to
1000K sÿ1. At higher pressures, the effect of heating
rate was less apparent. This suggests that at high
pressure, diffusion processes become dominant and
limit the rates of the subsequent chemical kinetics steps
(viz., Stages 3 and 4 of primary decomposition).
Suuberg et al. [20] deduced that the heating rate has
a negligible effect on the yields of the products. Ladner
[25] reported that the increase in heating rate resulted
in an increase in oil and tar yields, and a decrease in the
yield of char. Similar results have been reported by
Peters and Bertling [30]. Akash et al. [31] studied the
devolatilization of a bituminous coal in a fixed bed.
They observed increase in the loss of volatile matter
with increase in the heating rate.
Loison and Chauvin [32], Jones et al. [33], Eddinger
et al. [34], Rau and Robertson [35], Mentser et al. [36],
and Anthony et al. [37] have reported increase in
volatile yield with increase in the rate of heating. The
heating rate employed in these experiments were in
the range of 600ÿ50 000K sÿ1. However, this is not
feasible for the particle size used in a commercial
fluidized bed combustor. Moreover, a single heating
rate cannot represent the heating rate of all particles
involved in a fluidized bed combustor or gasifier.
Gavalas [38] has compared the results obtained for
fixed bed and fluidized bed devolatilization of coals.
He found that the yield of tar increased significantly in
the fluidized bed rig in comparison with the fixed bed
rig. Heating rates are expected to be higher in a flui-
dized bed rig, which suggests that such heating rates
favor tar evolution and limit the secondary reactions.
It is likely that the increased heating rate induces a
more rapid release of volatile matter from the particles,
and accordingly there is a greater internal build-up of
pressure within the pore structure. This pressure build-
up expels the products from the particles more rapidly
and reduces their residence time within the pore
structure. This limits the secondary tar cracking and
condensation reactions. Stubington and Sasongko [39]
have reported a heating rate of 150K sÿ1 for 2ÿ20mm
diameter coal particles in industrial fluidized bed
combustors. They calculated the average heating rate
from the time of entry of the particle to the bed up to
the time of 95% devolatilization (i.e. 95% of the ulti-
mate mass-loss).
In an oxidizing atmosphere, there can be a large
enhancement of heating rate because of the combus-
tion of volatile matter at the surface of the particle,
which increases the surface temperature and the heat-
ing rate. An increase in the heating rate induces a more
rapid release of volatile matter. A rapid release of
volatile matter limits the secondary reactions, thereby
increasing the yield of volatiles beyond the proximate
volatile content of the coal. It has been reported in the
literature [40] that the rapid increase in temperature at
the high heating rates decreases the residence time of
volatile material. It reduces the influence of cracking
and more tarry liquid is produced. However, the yield
of the light hydrocarbon gases remains nearly con-
stant. It has also been reported in the literature [40]
that the increase in the yield of tar with increase in the
heating rate is greater for the low-volatile coals than
that for the high-volatile coals.
In a recent work, Borah et al. [16] have presented
photographs of the cross-sections of coal particles
pyrolyzed in inert atmosphere and air (Figure 8). It can
be observed from Figure 8 that cracks are developed in
the coal particle that was pyrolyzed in air. This may be
due to the build-up of pressure inside the coal particle as
a result of the enhancement in heating rate in the pre-
sence of oxygen. This caused an increase in the volume
of volatile matter, which developed the cracks. This
pressure caused a rapid expulsion of the products from
the particles, and reduced their residence time within the
pores. Some of the coals fragmented into smaller pieces
during devolatilization. The increase in the surface area
further enhanced the heating rate, and the yield of
volatile matter exceeded to the extent of 25% above the
proximate volatile content of the coal [16].
Ross et al. [41] measured the time required for the
center of a large particle to reach the temperature of
the fluidized bed in nitrogen and air. Figure 9 depicts
the variation of the average heating rate with particle
diameter in air at 1123K in a fluidized bed. It is
observed from this figure that the average heating rate
decreased with the increase in particle diameter. The
reason for this decrease is as follows. Coal is not a
good conductor of heat, and there exists a temperature
gradient from the surface of the particle to its center.
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As the particle diameter increases, the distance between
the particle surface and the center increases. Hence,
heat has to travel a longer distance for the larger
particles. Therefore, the heating rate decreases with
increase in particle diameter.
It can therefore be concluded that the heating rate
has a significant role in the devolatilization of coal.
Variation of heating rate in a fluidized bed combustor
or gasification unit depends on the size of the coal
particles. The presence of oxygen enhances the heating
rate and hence the oxygen concentration in the flui-
dizing medium has a significant effect on the heating
rate, which is clearly reflected in the devolatilization
time of the coal. In addition, secondary reactions
in experimental apparatuses cannot be prevented.
Therefore, it is not always possible to deduce whether
primary or secondary products of pyrolysis have been
detected. The contradictory results of some experi-
ments are most often due to the secondary reactions.
2.3.5. Effect of particle size. The influence of particle
size on the devolatilization of coal is rather compli-
cated. For the large particles, a number of factors
overlap in the devolatilization process. According to
Smoot and Smith [42], large particles neither heat
rapidly nor uniformly. Therefore, a single temperature
cannot be used to characterize the entire particle.
The internal char surface provides a site where the
secondary reactions occur. The pyrolysis products
generated near the center of the particle must migrate
outside to escape. During this migration, they may
crack, condense, or polymerize, with deposition of
some carbon. The amount of carbon deposition
increases with the increase in the size of the particle,
and hence the yield of volatile matter decreases.
It is not easy to isolate the primary and secondary
decomposition reactions for the devolatilization of
large particles, because there is a tendency for the
secondary reactions to occur within the pore structure.
Morris [43] investigated the effect of particle size on the
total yield of volatile matter for particles having size in
the range of 0.038ÿ2.36mm. His findings support the
fact that the volatile yield decreases with the increase
in particle size, which corroborates the findings of
Gokhale et al. [26]. The study of Morris [43] was per-
formed under mild rates of heating (i.e. 0.34–0.5K sÿ1
up to 1173K). The variation in the total yield of vari-
ous gaseous species with particle size was monitored
for a sub-bituminous coal. The results indicate that
Figure 8. Cross-sectional views of Baragolai A (Assam, India) coal particles at different stages of devolatilization: (a) particle before
placing into the basket, (b) after 50 s in argon atmosphere, (c) after 60 s in argon atmosphere, (d) after 40 s in air, and (e) after 60 s in
air. Magnification5 15 [16].
Figure 9. Variation of the average heating rate with particle
diameter [41].
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there was a slight increase in the yield of tar with
increase in the particle size, while the yields of H2O,
CO, CH4, H2 and CO2 decreased. This accounts for the
observed decrease in the total yield of volatile matter.
Morris [44] has studied devolatilization under simi-
lar reaction conditions for high-rank coals, but at a
higher final temperature. He obtained slightly different
results. At 1273, 1373, and 1473K, the yields of
methane and hydrogen were found to increase with the
increase in particle size. However, the yields of CO and
CO2 were found to decrease with increase in particle
size at 1373 and 1473K, but the same increased with
the increase in particle size at 1273K. This seems to
suggest that the effect of particle size is dependent on
the temperature and the type of coal, and a transition
in the dominating mechanism may occur at 1273K
for these coals.
Griffin et al. [45] have highlighted the effects of
particle size on the yield of tar. They used particles
having diameter in the range of 0.063ÿ0.075mm and
0.106ÿ0.125mm. At the heating rate of 10K sÿ1, the
tar yield decreased by 0.5% (by weight) with the
increase in particle size (starting from 0.063ÿ0.075 to
0.106ÿ0.125mm). Higher heating rates (i.e. 1000K sÿ1
and 2000K sÿ1) resulted in corresponding decrease
in the tar yield of 3ÿ4 and 5ÿ6% (by weight),
respectively.
The large particles induce competition between
intraparticle transport and secondary reactions within
the pore structure [44]. Griffin et al. [45] proposed that
the heating rate may modify the effect of particle size
via any of the following reasons.
(i) Larger heating rates may increase the driving
force for internal mass transfer by intraparticle
concentration gradients.
(ii) Changes in heating rate may change the coal
morphology and hence the accessibility, surface
area, chemical properties of the reactive inter-
faces, and the characteristic length scales for
physical transport. Softening and volatile-
generation may temporarily transform the
relatively porous coal into a molten material con-
sisting of bubbles, mineral matter, and unsoftened
macerals dispersed in liquid continuum, which,
before resolidification, may swell into a ceno-
sphere or other shape that is drastically different
from the original coal. The resultant effect can be
a major decrease in the distance by which the tar
must travel to escape the substrate internals.
(iii) The tar yield can vary significantly when the
generation and depletion of tar involve signi-
ficantly different activation energies.
From the foregoing discussion, it can be observed
that the particle size studied in most works is less than
that used in industrial fluidized beds. The experimental
conditions are also not similar to that found in a
commercial fluidized bed combustor. In a recent study,
Borah et al. [16] have reported the devolatilization of
coal particles of size in the range of 4ÿ8mm under
fluidized bed conditions in argon atmosphere at a
temperature of 1123K. The velocity of the gas was
maintained at 1m sÿ1. The ratio of the actual yield of
volatile matter to the proximate volatile matter is
plotted against the particle diameter in Figure 10.
It can be observed from this figure that the yield
increased with the increase in particle size. The reason
may be that the large coal particles contain large
volumes of volatile matter. The distance of travel
for the volatile matter may be drastically reduced due
to the reason number (ii) given by Griffin et al. [45].
Therefore, a large amount of volatile matter can escape
through the surface, and hence the yield increases.
However, further investigation in this matter is neces-
sary for a more reliable conclusion.
In air and oxygen-enriched air, devolatilization is
influenced by the presence of oxygen at the surface of
the coal particle. It enhances the rate of heating, which
can increase the yield of volatile matter. In addition, if
there is any fissure in the coal particle or if the particle
fragments, the yield can increase considerably.
The results presented by Borah et al. [16,46] on the
devolatilization of coals of the northeastern India in
the presence of air and oxygen-enriched air show that
the ratio of the yield of volatile matter to the proximate
volatile content of coal did not change significantly
with the addition of oxygen to air (see Figure 11),
especially for the particles having size between 5 and
9mm. It is also evident from these works that the
additional oxygen in the fluidizing gas did not have any
significant effect on this ratio.
Devolatilization time gives the total time required
for removal of volatile matter from the coal particle.
Tia et al. [47] have studied devolatilization in a spouted
fluidized bed and reported that flame extinction
time increased with increase in particle diameter. The
devolatilization time varies with particle diameter
Figure 10. Variation of the ratio of the yield of volatile matter to
the proximate volatile content of coal with particle diameter in
argon atmosphere [16].
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obeying the power law correlations given in
Tables II and III. The variations for different coals at
various fluidization velocities are shown in Figure 12.
The increase in devolatilization time with particle dia-
meter is very steep as the particle diameter increases.
The correlation parameters vary due to the variations in
superficial velocity, experimental apparatus and condi-
tions, particle size, and oxygen concentration.
Borah et al. [16,46] have studied the variation of
mass of a single coal particle with time under fluidized
bed conditions. The coal particle was placed in a bas-
ket made of platinum and rhodium net. It was inserted
in the freeboard of a hot fluidized bed, and its mass
was continuously recorded by a balance which was
interfaced with a computer. The variations of mass of
coal particle with time in inert atmosphere and air are
shown in Figures 13 and 14. They have proposed the
following mass versus time correlation for single coal
particles.
Va ¼ V01ðV1 ÿ V0Þ½1ÿ expðÿCt
MÞ;
0ptptv
where Va is the mass of coal particle at any time t and
V0 is the initial mass of the particle (i.e. at time t5 0).
The parameter C in Equation (1) varies with particle
diameter and oxygen content of the fluidizing gas.
However, M varies with the oxygen content of the
fluidizing gas only. The significance of all the para-
meters of Equation (1) and their correlations are dis-
cussed in Sections 2.3.6 and 2.3.7 in details.
Figure 11. Variation of the ratio of the yield of volatile matter to
that of proximate volatile content of coal with particle diameter
in air and oxygen-enriched air [16,46].
Table II. Comparison of devolatilization time at different superficial velocities in inert atmosphere.
Correlation: tv5Ad
n
Measurement technique Superficial velocity (m sÿ1) A ðs mmÿnÞ n Temperature (K)
Temperature response [41] 0.138 8.96 0.99 1123
Volatile evolution [48] 0.330 4.15 1.03 1145
Volatile evolution [15] 0.217 9.77 1.08 1123
4.61 1.48
5.18 1.23
Mass loss measurement [16] 1.000 0.81 1.81 1123
Table III. Comparison of devolatilization time at different superficial velocities in air at 1123 K.
Correlation: tv ¼ A1d
n1
Measurement technique Superficial velocity (m sÿ1) A1 ðs mm
ÿn1 Þ n1
Flame extinction time [17] 0.100 1.84 1.50
Flame extinction time [41] 0.138 1.65 1.52
Flame extinction time [50] 0.312 1.35 1.61
CO2 profile [49] N/A 1.48 1.72
Mass loss measurement [16] 1.000 0.55 2.00
Figure 12. Variation of devolatilization time with particle dia-
meter in inert atmosphere.
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2.3.6. Effect of gas velocity. The velocity of the
fluidizing gas has an important influence on the
devolatilization of coal. It has been reported in
the literature [51] that the devolatilization rate
increases with increase in superficial velocity. This is
very likely due to the greater convective heat transfer
as a consequence of the turbulence created by the
higher superficial gas velocity. Some of the results
reported at different fluidization velocities are shown
in Tables II and III. Comparing these results, it can be
observed that the devolatilization time decreases with
the increase in gas velocity.
In inert atmosphere and air, the parameters of
the devolatilization time correlation, tv5Ad
n, vary
with the superficial velocity. These are depicted in
Figures 15 and 16, respectively. It has been reported in
the literature [16] that A diminishes exponentially with
the superficial velocity (v) as per the following equation
in argon atmosphere.
A ¼ 15:08 expðÿ3:92vÞ; ~R2 ¼ 0:99 ð2Þ
where ~R represents the Pearson correlation coefficient.
The parameter n increases with the superficial velocity,
which can be described by the following polynomial
equation.
n ¼ 1:085v2 ÿ 0:315v11:037; ~R2 ¼ 0:94 ð3Þ
The coal samples used in these studies are quite
different in composition, and the superficial gas velo-
cities employed are quite different in magnitude as
well. Therefore, these correlations can be considered
as approximate. However, based on the available data,
they depict definite trends in the variation of the cor-
relation parameters A and n.
It has been reported in the literature [16] that A1
exponentially decreases with the increase in the super-
ficial velocity (v) in air, which can be described by the
correlation,
A1 ¼ 2:02 exp ÿ1:24vð Þ; ~R
2 ¼ 0:99 ð4Þ
The parameter n1 increases with the increase in super-
ficial velocity in air following the correlation,
n1 ¼ ÿ0:0762v
2
10:5506v11:446; ~R2 ¼ 1:00 ð5Þ
Therefore, from the above analysis, it is apparent
that the superficial velocity has a significant role on the
devolatilization of coal in inert as well as in combus-
tion atmospheres.
Figure 13. Mass versus time profiles of Baragolai coal in inert
atmosphere at 1123K and 1msÿ1 superficial velocity for coal
particles of different diameter [16].
Figure 14. Mass versus time profiles of Baragolai coal in air at
1123K and 1msÿ1 superficial velocity for coal particles of
different diameter [16].
Figure 15. Variation of A and n with superficial velocity in inert
atmosphere [16].
Figure 16. Variation of A1 and n1with superficial velocity in air [16].
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2.3.7. Effect of volatile content of coal. The amount of
volatile matter present in coal has an important
influence on its devolatilization. According to Oka
[52], the volatile content determined by proximate
analysis can be used as a realistic parameter for
pulverized coal combustion. However, this is not true
for fluidized bed combustion where temperatures and
heating rates are lower and the coal particles are much
larger. Borah et al. [16,46] have reported the yield of
devolatilization in three gas atmospheres, viz., inert,
air, and oxygen-enriched air under fluidized bed
conditions. They have observed an increase in the
yield of volatile matter such that the yield becomes
greater than the proximate volatile content of coal in
all atmospheres. In the inert atmosphere, the average
yield was 1.1 times the proximate volatile content of
the coal. They have reported that in air and oxygen-
enriched air, the total yield of volatile matter decreased
with increase in volatile content of coal. Borah et al.
[16,46] have given separate correlations for these two
atmospheres. The total yield of volatile matter can be
represented as p times the proximate volatile content
of the coal, where p is the ratio of the total yield of
volatile matter to the proximate volatile content of
coal. The ratio p has a power law correlation with the
proximate volatile matter content (Vm) of coal. In air,
the correlation can be expressed as follows:
p ¼ 64:6Vÿ1:0974m ;
~R2 ¼ 0:99 ð6Þ
In oxygen-enriched air, the correlation is given by,
p ¼ 66:315Vÿ1:104m ;
~R2 ¼ 0:70 ð7Þ
where Vm is the proximate volatile content of coal.
Chen et al. [53] have reported similar results during
gasification of coal. The volatile content of coal can be
enhanced by applying different beneficiation techno-
logies. For example, dry beneficiation technology (such
as air dense-medium fluidized bed [54]) can be used to
reduce the ash content of coal and increase the volatile
content of coal.
2.3.8. Effect of oxygen content of the gaseous med-
ium. Stubington et al. [55] have studied the devolati-
lization of single coal particles having diameter in the
range of 1–5mm in a thermogravimetric apparatus
(TGA). The particle was inserted into a furnace, which
was already hot, and the flow rate of gas (viz., nitrogen
and air) was maintained at 0ÿ100 cm3minÿ1. They
observed a decrease in devolatilization time with an
increase in temperature and oxygen concentration.
This provides evidence that the presence of oxygen in
the gaseous medium helps to reduce the devolatiliza-
tion time.
Because the combustion of volatile matter contri-
butes a large percentage of the total energy evolved
during the combustion of a high-volatile coal, it is
beneficial if the entire volatile matter evolved from the
coal particles burns inside the fluidized bed. However,
for large particles, the devolatilization time is longer.
Therefore, a major fraction of the volatile matter can
burn in the freeboard section. The energy evolved in
the freeboard is transferred by convection. Therefore,
the high heat transfer coefficient of fluidized bed
(which is its major advantage) cannot be utilized
appropriately. If the particle size and oxygen con-
centration are optimized, it may be possible to get a
higher heat output (i.e. higher boiler efficiency).
There are very few reports in the literature on
devolatilization time in oxygen-enriched air [46,56,57].
A summary of these results is presented in Table IV.
It is observed from these results that the devolatilization
time decreases with the increase in oxygen concentra-
tion. Apparently, the intensity of surface oxidation
increases with the increase in oxygen concentration in
the fluidizing gas. This increases the rate of heat transfer
which increases the rate of release of volatile matter.
Table IV. Correlations for devolatilization time at different oxygen concentrations at 1123K.
Colliery/coal type Particle diameter (mm) Oxygen mole fraction (xo) Fluidizing velocity (m s
ÿ1) Correlation for tv (s)
Evans/bituminous [56] 6.7–25.5 0.21 0.3–0.6 1:31d1:6
Highvale/bituminous [56] 8.2–34.8 0.01–0.14 0.3–0.7 0:91d1:6xÿ0:086o
Lignite/lignite [56] 10.2–36.1 0.21 0.3–0.6 2:36d1:26
Lingan/bituminous [56] 8.1–33.0 0.21 1:35d1:6
8.1–33.0 0.0–0.14 1:32d1:6xÿ0:029o
Minto/bituminous [56] 6.0–19.9 0.21 0.3–0.6 1:29d1:6
Thorsby/bituminous [57] 9.0–16.3 0.03 0.4 21:01d0:75
0.01 5:17d1:3
0.21 2:59d1:36
Bituminous [16] 4.1–9.3 0.00 1.0 0:81d1:81
4.1–9.5 0.21 0:60d1:92
Bituminous [46] 4.0–9.3 0.30 1.0 0:34d2:16
xo represents the mole fraction of oxygen in the fluidizing gas, d represents the diameter of the coal particle, and tv represents the
devolatilization time.
Devolatilization of coal in fluidized bed R. C. Borah, P. Ghosh and P. G. Rao
Int. J. Energy Res. 2011; 35:929–963 r 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/er
941
The correlation parameter, C, in Equation (1) can be
correlated with the diameter of the coal particle as,
C ¼ A2d
n2 . Figure 17 depicts the variation of C with
particle diameter in three different gaseous atmospheres.
The parameters A2 varies with the oxygen concentration
of the fluidizing gas as described by the polynomial,
A2 ¼ ÿ0:0024ðcO2 Þ
2
10:2055cO213:39;
~R2 ¼ 1:00
The parameter n2 varies with the oxygen concen-
tration in the fluidizing gas as described by the follow-
ing equation:
n2 ¼
ÿ2:871
11 exp½ðcO2 ÿ 37:72Þ=4:896
; ~R2 ¼ 1:00 ð9Þ
where ðcO2 Þ is the concentration of oxygen in the flui-
dizing gas (expressed as volume percent; Figure 18).
The correlation parameter M in Equation (1) can be
correlated with the oxygen concentration by the follow-
ing equation (see Figure 19):
M ¼ ÿ0:0008ðcO2 Þ
2
10:0071cO211:6;
~R2 ¼ 1:00
ð10Þ
The parameters of the correlation, tv ¼ A3d
n3 , vary
with the concentration of oxygen in the fluidizing
gas [16]. The constant A3 varies with the oxygen
concentration following a second-order polynomial as
shown below [16]:
A3 ¼ ÿ0:0006ðcO2 Þ
2
10:0032cO210:81;
~R2 ¼ 1:00
The correlation parameter n3 varies with the oxygen
concentration as shown in the following Equation [16]:
n3 ¼ 1:80110:009 expð0:1227cO2 Þ; ~R
2 ¼ 1:00 ð12Þ
The variations of the parameters A3 and n3 with
oxygen concentration in the fluidizing gas are shown in
Figure 20.
2.3.9. Effect of specific heat of coal. The specific heat of
coal has a definite relationship with its volatile content
[58]. It can be observed from Figure 21 and Table V
that the specific heat increases with increase in the
volatile content. Specific heat can be a significant
factor in the devolatilization of coal because it plays an
important role in the rate of heating of coal. Increase
in the heating rate induces a more rapid release of the
volatile matter. The secondary reactions are reduced
Figure 17. Variation of C with particle diameter in argon, air,
and oxygen-enriched air [16,46].
Figure 18. Variations of correlation parameters for constant C
with oxygen concentration [16].
Figure 19. Variation of constant M of Equation (1) with oxygen
concentration [16].
Figure 20. Variations of A3 and n3 with oxygen concentration at
1123K and 1msÿ1 superficial velocity [16].
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when there is rapid release of volatile matter. This
increases the yield of volatile matter beyond the
proximate volatile content. There can be variation in
the yield of volatile matter during devolatilization
depending on the volatile content of the coal. The
rapid increase in temperature at the high heating rates
reduces the residence time of volatile material [40]. It
reduces the effect of cracking of tarry matters inside
the particle and hence more tarry liquid is produced.
However, the yield of the light hydrocarbon gases
remains nearly constant. It has also been reported in
the literature [40] that the gain in tar yield with increase
in the heating rate is higher for the low-volatile coals
than that for the high-volatile coals. This also supports
the fact that the low-volatile coals are heated more
quickly than the high-volatile coals. Therefore, the
residence time of volatile matter is less for the low-
volatile coals than that for the high-volatile coals.
Therefore, the ratio of the volatile yield to the
proximate volatile content diminishes with the increase
in the volatile content of the coals.
2.3.10. Effect of fragmentation of coal. Fragmentation
is an important parameter in the devolatilization of
coal in a fluidized bed. Fragmentation drastically
changes the original distribution of particle size in
the bed, which affects the devolatilization time of coal
particles. Zhang et al. [59] have studied the fragmenta-
tion of several Chinese coals having different proper-
ties in a fluidized bed. The main reason for the
fragmentation of coal particles is primary fragmenta-
tion, which is caused by the inner pressure (generated
by rapid devolatilization) and thermal stress (caused
by temperature gradient) within a coal particle.
Fragmentation is influenced by the rank of coal, bed
temperature, size of the original coal particles, and
residence time of the particles in the bed. The volatile
matter of coal can drastically influence the degree of
the fragmentation of coal particles.
3. IMPLICATIONS OF
DEVOLATILIZATION IN FLUIDIZED
BED PYROLYSIS, GASIFICATION
AND COMBUSTION
A fluidized bed consists of a bed of particles suspended
in a gas stream flowing upward at such a velocity that
the particles are not carried out of the vessel but
continue to circulate vigorously within the vessel.
Cavities, called bubbles, move through the suspended
mass. These facilitate the vigorous circulation of the
bed material. Because the bed offers resistance to flow,
the drag force, as given by the pressure drop across
the bed, is sufficient to support the weight of the bed.
The bed has a pseudo-density and has many attributes
of a liquid [60]. In combustion applications, fuel is
continuously fed to the fluidized bed consisting of non-
combustible particles. For solid fuels such as coal,
the carbon content of the bed is no more than a few
percent. The hot bed particles act as a heat reservoir
and stabilize combustion, making the fluidized bed a
very desirable device for burning low-grade coals and
waste materials.
The bed material consists of coal ash, limestone
or sand of 1mm diameter. The superficial velocity
through the bed is 2ÿ3m sÿ1 depending on the size
of the bed material and the turbulence requirement.
The bed temperature is usually kept between 1000 and
1300K. Lumped coal having a top size of 10ÿ20mm is
fed by a screw or a spreader above the bed. Crushed
coal with a top size of 6mm is fired pneumatically
under the bed. Heat is extracted through the heat
exchange surfaces placed within and above the bed. The
hot gases leaving the combustor contain considerable
Figure 21. Variation of specific heat of coal with volatile
content [58]. The volatile contents reported in the figure are
on dry and ash-free basis.
Table V. Analysis (% by weight) of coals studied by Tomeczek
and Palugniok [58].
Raw Enriched (by washing)
Coal
Ad
(%)
Ad
(%)
Vdaf
(%)
Cdaf
(%)
Hdaf
(%)
Odaf
(%)
Czeczot 32.2 3.9 41.0 69.8 4.6 22.9
Boleslaw
Smialy
29.1 3.2 39.2 80.5 5.9 11.1
Rydultowy 32.5 7.2 36.0 77.2 4.8 15.1
Wawel 20.1 4.5 33.4 85.2 5.2 7.6
Gliwice 13.0 5.2 20.1 86.6 4.5 4.1
Anthracite — 4.7 7.9 93.6 3.0 1.0
Ad, ash content on dry basis; Vdaf, volatile matter content on
dry ash-free basis; Cdaf, carbon content on dry ash-free basis;
Hdaf, hydrogen content on dry ash-free basis; Odaf5oxygen
content on dry ash-free basis.
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amounts of sensible heat, which can be recovered in
various passes through the boiler.
Coal passes through several interactive stages before
and during the burning process. These processes are
drying (with or without shrinkage), devolatilization
(with or without swelling and fragmentation), com-
bustion of volatile matter, combustion of residual char,
and attrition of coal particles. Fluidized bed combus-
tion technology offers a flexible method for handling
solid fuels of variable quality. One of the advantages of
fluidized bed combustion is that large particles can be
used, which saves the cost of washing, crushing, dry-
ing, and grinding. Fluidized bed combustion can
handle coals having high amounts of sulfur and ash, as
well as the rejects from the coal washeries.
When a high-volatile coal is introduced into a flui-
dized bed combustor, the coal particles mix with the
bed material, and they start to devolatilize simulta-
neously [61,62]. Coal particles undergo two over-
lapping stages of reaction in the fluidized bed, viz.,
devolatilization and char combustion. The volatile
fraction of the coal contributes a significant portion to
the total amount of heat released during combustion.
The rate of heat released from the volatile combustion
is determined by the rate at which the volatile matter
can escape from the particles and combine with the
oxygen in the gas phase. Therefore, it is important to
understand where and how the volatiles are released
from the coal. The importance of volatile matter in the
fluidized bed combustion of coals has been discussed
by La Nauze [60]. Stubington et al. [17] noted that the
combustion of volatiles in a fluidized bed combustor
influences the design and operation via several ways.
It affects the distribution of oxygen across the bed, the
spacing of the feed points of the coal particles, the split
in heat release (and hence the heat transfer between the
bed and the freeboard) and the release of nitrous oxide
from the bed. Leckner and Lyngfelt [63] have studied
the impact of low- or medium-volatile fuels (e.g. coal)
and high-volatile fuels (e.g. biomass and waste) on the
emissions of NO, N2O, and other pollutants. It is
found that high- and low-volatile fuels behave in dif-
ferent ways. The measures taken to reduce emissions
from coal combustion are not necessarily effective for
high-volatile fuels. Feng et al. [64] investigated the
mechanism of N2O formation, emission of nitrogen
oxides (including NO and N2O) and the effect of the
temperature, excess air ratio, and recirculation ratio.
The concentrations of nitrous oxide and nitric oxide
were measured along the height of the circulating
fluidized bed (CFB) furnace. It was found that the N2O
concentration increased with height, and in the exit of
the combustor, N2O concentration reached the highest
level. The concentration of NOx, however, decreased
with height, showing the inverse trend shown by N2O.
The emission of N2O decreased sharply with the in-
crease in temperature at the bottom of the combustor.
At the same time, the NO concentration increased.
Stubington et al. [55], and Stubington and Linjewile
[65] have noted that inefficient in-bed combustion of
volatile matter results in undesirably high freeboard
temperatures, which facilitates the need for larger heat
transfer surfaces in the freeboard region. The evolution
of volatiles within the bed is dependent on the mixing
of the coal particles [17,66] and progress of devolati-
lization of the particles from the time of entry to the
fluidized bed to the completion of devolatilization. If
the progress of devolatilization can be calculated from
the time of entry of the coal particles into the fluidized
bed, then the total amount of volatile matter present in
the bed can be determined at any time. These factors
also determine the split between the volatile matter
released in the bed and that in the freeboard. Borghi
et al. [67] noted that the oxygen and temperature
profiles in the bed were dependent on the release of
volatile matter, because the evolution of concentrated
volatile matter in certain regions of the bed can result
in areas of oxygen depletion and this can cause hot
spots within the bed.
From the foregoing discussion, it is evident that the
volatile matter should burn inside the bed so that
maximum heat transfer can occur within the bed
(which is the main advantage of fluidized bed com-
bustion), and not in the freeboard region. In addition
to combustion and heat transfer, evolution of polluting
volatile matter from devolatilization is also very im-
portant from the environmental perspective. Based on
their pilot plant and laboratory scale studies, Borghi
et al. [67] reported that a major portion of the CO
emitted from fluidized bed is related to the release of
volatile matter and most of the NO originated from the
oxidation of the nitrogenous groups present in the
volatile matter. Borah et al. [68] have reported the high
release of CO in a pilot plant study, which was reduced
by the introduction of secondary air for combustion in
the freeboard. Atimtay and Varol [69] studied co-
combustion of olive oil cake and coal mixture in a
bubbling fluidized bed (BFB). They varied the volatile
component of the mixture by varying the olive oil
proportion in the mixture. They observed that as the
volatile component of the mixture increased, the
combustion took place more in the freeboard than
inside the bed. Furthermore, the CO and hydrocarbon
emissions increased as the volatile component in-
creased in the fuel, and the combustion efficiency de-
creased. Agarwal and Wildegger-Gaissmaier [70] have
suggested that the volatile products contribute sig-
nificantly to the release of CO and NO in the fluidized
bed. Stubington and Chan [71] have reported that a
definite relationship exists between the volatile matter
present in coal and the emission of NOx. Johnsson [72]
emphasized this by stating that the secondary reactions
depend on whether the nitrogen is present in the char
or present in the volatile matter. Garcı´a-Labiano et al.
[73] noted that a large part of the sulfur present in the
parent coal is released during devolatilization. The
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type of sulfur present in the coal and the atmosphere of
pyrolysis dictate the type of volatile matter evolved
during devolatilization. Much of the chemically bound
sulfur is in the form of aliphatic heterocyclic structures
containing a thiophene ring system. Memon et al. [74]
studied the pyrolysis of thiophene. The principal hy-
drocarbon product at all temperatures was acetylene.
Ethanethiol was found to be the major sulfur product
together with H2S formed in significant concentrations
at lower temperatures. Carbon disulfide was also
formed at higher temperatures. Additional reaction
products were CH4, C2H4, C3H4, C4H3, C4H6, C4H4,
C6H6, and C4H2. Hence, it is apparent that the optimal
design of fluidized bed combustor and the development
of pollution control strategy depend on the proper
understanding of the mechanism of devolatilization in
fluidized bed.
3.1. Devolatilization in inert conditions
Several investigators have studied the devolatilization
of large coal particles in inert atmospheres. Zhang
et al. [50] studied the devolatilization of single coal
particles having size in the range of 5ÿ50mm in a
laboratory scale fluidized bed reactor at 1073K. They
employed the minimum fluidization velocity corre-
sponding to 0.5-mm diameter sand particles. Nitrogen
was used as the gaseous medium. They concluded that
the devolatilization of large coal particles is a strongly
non-isothermal process. The total mass-loss during
devolatilization differed significantly from the prox-
imate volatile content of the coal. They also observed
that the entire volatile matter present in the coal did
not release during devolatilization.
Peeler and Poynton [75] studied the devolatilization
of single coal particles having size in the range of
1.4–29mm under simulated fluidized bed conditions at
1173K in nitrogen atmosphere. The superficial gas
velocity was maintained at 0.25m sÿ1. They studied
nine coal samples ranging from sub-bituminous to
semi-anthracite. The devolatilization rate was re-
presented by a reaction order in the range of 0.4ÿ0.6.
Stubington and Sumaryono [15] showed that the ratio
of yield of devolatilization to the proximate volatile
content varied between 0.95 and 1.15 for 3ÿ11mm
diameter coal particles. They studied three Australian
coals having volatile matter ranging from 19.4 to
43.5% (by weight) in nitrogen atmosphere at 1023,
1123 and 1223K. Zhang et al. [76] have reported si-
milar results on the yield of volatile matter at 1123K in
a fluidized bed for 5ÿ28mm diameter Canadian coals.
Most of these experimental works have been carried
out at the minimum fluidization velocity of the bed
material or at a slightly higher velocity. One of the
reasons behind this approach may be that the gas ve-
locity was not considered as one of the variables for
devolatilization, or only the characteristics during de-
volatilization were studied. Experimental limitation
could be another factor, because the dilution error
increases with the increase in gas velocity, and the
time-lag or gas-dispersion errors also increase when
devolatilization is measured by monitoring the off-
gases. Borah et al. [16] have reported the ratio of the
yield of devolatilization to the proximate volatile
content for 4ÿ9.3mm diameter coal particles having
volatile matter in the range of 31 to 41% at 1123K in
argon atmosphere. They employed a superficial gas
velocity of 1m sÿ1. They observed an increase in the
ratio with the increase in the particle diameter. This
has been depicted in Figure 10.
From the results reported in the literature, it is evi-
dent that the yield of volatile matter is higher than the
proximate volatile content of the coal. Therefore, this
aspect has to be taken into consideration in the design
of a fluidized bed combustor in order to prevent
overheating in the freeboard and ensure that the entire
volatile matter burns inside the bed. However, the
commercial fluidized bed combustors operate at a
higher fluidization velocity than that employed in these
studies. One of the possible reasons may be that ve-
locity was not considered as one of the variables for
devolatilization by these workers. It is also likely that
they have only studied the effects of particle size,
temperature, and type of coal. In addition, there might
be experimental difficulties, e.g. as the velocity is in-
creased, there will be more errors due to dilution, time-
lag, or gas dispersion (where devolatilization was
measured by monitoring the off-gases). The extent and
time of devolatilization depend on the superficial ve-
locity. Therefore, these data on devolatilization need to
be extrapolated for the design purpose. Experimental
studies on devolatilization need to be performed under
the conditions of operation of the commercial fluidized
bed combustors.
3.2. Devolatilization in combustion condi-
tions
Saito et al. [77] studied the devolatilization of single
coal particles of diameter ranging from 2 to 4mm in
combustion atmospheres in a porcelain tube-furnace at
temperatures between 1123 and 1373K. They found
that the rate of evolution of volatile matter in air was
nearly double of that in nitrogen. In addition, the
ultimate loss of mass due to the release of volatile
matter was much greater in air than that in nitrogen.
The reason suggested by them was that in combustion
condition, the coal particle is closely surrounded by a
cloud of volatile matter that burns in oxygen. There-
fore, the coal particle is additionally heated by the
surrounding flame. The resulting higher heating rate
causes more release of volatile matter. Stubington et al.
[55] studied the devolatilization of single coal particles
of size in the range of 1–5mm in a TGA. The particle
was inserted into a preheated furnace, and the flow rate
of the gas was maintained at 0–100 cm3 per minute.
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Their results show that the devolatilization time
decreases with increase in the oxygen concentration
(Figure 22).
Winter et al. [51] studied the devolatilization and
combustion of two sub-bituminous coals in three
different laboratory scale fluidized bed combustors.
The particle size was 10mm. The temperature was
varied between 973 and 1223K, the partial pressure of
oxygen was varied between 0 and 10 kPa, and the
fluidizing velocity was varied from 0.3 to 0.9m sÿ1.
They have reported that the release of volatile matter
during devolatilization was slightly higher at the higher
superficial velocities. In addition, more carbon was
lost with the increase in fluidization velocity during
devolatilization, and the combustion of char was
faster. These observations have been explained by the
fact that the convective heat transfer increases with the
increase in fluidization velocity. High oxygen con-
centration slightly increases the ultimate yield of
volatile matter as well as the rate of devolatilization
due to the high temperature in the flame surrounding
the particle. Borah et al. [16,46] have reported an
increase in the yield of volatile matter in air and oxygen-
enriched air. The presence of oxygen enhances the
heating rate of the coal particles. The average ratio of
the yield of volatile matter to the proximate volatile
content has been reported to be 1.25 in air [16] and
1.26 in air containing 30% oxygen [46]. The effect of
particle size on the yield of volatile matter may be
insignificant if the coal particles fragment, or fissures
and cracks develop in the particles. This factor needs
consideration in the design of a fluidized bed combustor
or gasifier.
3.3. Definition of devolatilization time and
the different methods employed for its
estimation
The term ‘devolatilization’ is rather general, which
means removal of volatile matter from the coal matrix.
No distinction is made regarding the nature of the
gaseous surroundings, i.e. whether the atmosphere is
inert or oxidizing. Even under oxidizing conditions,
pyrolysis-like condition prevails at the initial stage
when the devolatilization rate is much higher than the
oxidation of the char particle. Hence, this period can
be called as devolatilization. The time taken for
devolatilization in a fluidized bed combustor is very
significant. The devolatilization time must be com-
pared with the particle mixing time in order to decide
the appropriateness of the various models proposed
for combustion of volatile matter [61]. Most of
the workers have inferred devolatilization time from
the occurrence of a volatile diffusion flame around the
individual particles [78–81]. However, these methods
underestimate the total devolatilization time because
devolatilization may still occur after the flame has
extinguished. Devolatilization time has also been
measured from the concentration profiles of the
evolved gases [43]. But there exists a time-lag between
the volatile evolution and its measurement. Also, the
trace amounts of volatile matter, which are evolved
during the end of devolatilization, may go undetected
due to the dilution affect. Since direct measurements of
weight cannot be made if the particle is surrounded
by inert particles, thermogravimetric techniques have
been applied to the stationary particles [17,70,77].
From these data, the devolatilization time has been
defined in different ways, viz., the time for 90%
devolatilization [55] or the time for 95% devolatil-
ization [75].
The works reported in the literature on the deter-
mination of devolatilization time may be divided into
two categories depending on the mobility of the
particles in the reactor. In the first category of works,
the particles were injected into a hot fluidized bed and
allowed to move freely within the bed. Therefore, their
immediate environment was similar to the environment
in a fluidized bed combustor. In the second category,
the particle was dropped into a hot reactor. It either
remained stationary in the hot zone on a fixed
support, or was suspended in a hot gas stream.
Therefore, there were no fluidized particles in contact
with the devolatilizing coal particle. In the works
belonging to the first category in inert atmosphere,
intermittent quenching and removal of coal particles
from the bed, and determination of volatile matter
have been employed [48]. In this process, devolatiliza-
tion continues during quenching till its temperature
comes down significantly. In air, the flame extinction
time was taken into consideration. It is defined as
the time counted from the injection of the particle
into the bed up to the moment a visible volatile flame
is extinguished above the bed. The flame extinction
time is possible only at the lower gas velocities.
At high gas velocities, the diffusion flame may not
be visible. Moreover, the end point may not be
visible because the evolution of volatile matter con-
siderably reduces during the end of devolatilization.
Figure 22. Comparison of devolatilization time in nitrogen and
air [55].
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Recently, Borah et al. [16,46] have measured the loss of
mass of a single coal particle under fluidized bed con-
ditions. Both 90 and 95% times were measured in their
work. The 95% devolatilization time in inert atmo-
sphere is a reasonable measure because the devolatil-
ization becomes slow toward the end. In the presence
of oxygen, devolatilization and char combustion over-
lap. Therefore, the intersection of the devolatilization
and char combustion curves, which is equivalent to
90% devolatilization [55] is appropriate. Figure 23
depicts the determination of devolatilization time in air
from the continuous mass-loss profile.
4. MODELS OF COAL
DEVOLATILIZATION
There are two types of model that are employed to
analyze coal devolatilization, viz., ‘structural’ and
‘empirical’ models. The structural models are based
on the thermal decomposition process. These models
deal with the structure of the parent coal. They require
the knowledge of the functional groups present in
the coal and their nature. The structural models are
generally complex, because they depend on the
chemical structure of the parent coal. On the other
hand, the empirical models have been extensively
developed for both pulverized and large coal particles.
An empirical model is generally useful in predicting the
rate of volatile evolution and the composition of the
devolatilization products for the coals for which it has
been developed.
4.1. Structural models of coal
devolatilization
Two structural models of devolatilization have
been developed, viz., the ‘Chemical Percolation
Devolatilization (CPD) model’ [82–86], and the
‘Functional Group- Depolymerization, Vaporization
and Cross-linking (FG-DVC) model’ [3,87]. The
salient features of these models are discussed in the
following sections.
4.1.1. CPD model. The CPD model describes the coal
conversion behavior based on the chemical structure of
the parent coal [82]. This model uses four features of
the chemical structure that are directly measured by
13C NMR spectroscopy, viz., (i) the average molecular
weight per aromatic cluster, (ii) the average molecular
weight per side chain, (iii) the average number of
attachments (i.e. side chains and bridges) per cluster,
which are referred to as the coordination number,
and (iv) the fraction of attachments that are bridges.
During devolatilization, the bridges between the
aromatic clusters break. These clusters are thermally
stable at typical devolatilization temperatures. An
unreacted bridge forms a reactive intermediate, which
may either cleave to form two side chains or reconnect
to form a stable char bridge with release of a part
of the bridge as light gas. Reaction rates for this
mechanism were obtained by comparison with the
measured devolatilization rates. These are independent
of the coal (especially at high heating rates). The gas
and tar yields are functions of the chemical structure
parameters and the reaction scheme. Therefore, they
are not input parameters. Percolation lattice statistics
are employed to describe the generation of tar
precursors of finite size based on the number of
cleaved labile bonds in the infinite coal lattice. This is a
non-linear relationship, and the percolation lattice
statistics provides a closed-form relationship. It avoids
the computationally expensive Monte Carlo simula-
tions proposed by Solomon et al. [83]. A tree-like
structure, called Bethe lattice, is used to approximate
the coal lattice. The Bethe lattice accounts for the
cross-linking present in the parent coal structure.
Niksa and Kerstein [84] have used the long-chain
approximation.
A generalized vapor pressure correlation for high-
molecular-weight hydrocarbons (such as coal tar)
has been developed based on the data from coal
liquids. The vapor pressures of oligomers are calcu-
lated from the temperature and molecular weight at
each time step. A flash calculation is performed to
determine the fraction of each oligomer that vaporizes
at that time step. The vaporÿliquid equilibrium
mechanism is principally responsible for the variation
in tar yield with the change in total pressure in devo-
latilization experiments. The vapor pressure data of
111 organic compounds existing in coal tar have been
presented by Fletcher et al. [85]. The cross-linking
mechanism permits the reattachment of metaplast
(i.e. detached finite fragments) to the infinite char
matrix. Since the details of the cross-linking mecha-
nism are poorly known at present, a simple empirical
cross-linking rate is employed that is first-order in
the amount of metaplast associated with the char.
Figure 23. Determination of devolatilization time in presence of
oxygen from experimental weight loss profile [55].
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The coal-independent cross-linking rate is determined
by comparison with several sets of data [85].
An improved CPD model incorporating a two
dimensional interpolation methodology to compute
functional group parameters that are required as input
to obtain initial populations of the side chains corres-
ponding to various light gas species has been reported
by Jupudi et al. [86]. Figure 24 presents a comparison
of the predictions by two CPD models with the data
for Illinois coal [87].
4.1.2. FG-DVC model. The starting point in the
FG-DVC model is the structure of the parent coal,
as in the CPD model. However, tar formation and the
behavior of the char produced during devolatilization
are more extensively treated in this model. In the
FG-DVC model, linear oligomers of a certain number
of aromatic ring clusters having a molecular weight
distribution (characterized by an average and a
standard deviation) are linked by a certain number of
cross-links per monomer. Cross-links are defined as the
points at which more than two attachments connect
one cluster to another. During thermal decomposition,
bridges are broken and the cross-links are formed.
The molecular weight of the resultant oligomers is
calculated by randomly distributing these changes [88].
The devolatilization products as per the FG-DVC
and CPD models differ. The CPD model assumes that
all molecules, which are not attached to the macro-
molecular network, are essentially evolved as tars.
In the FG-DVC model, it has been assumed that the
vapor pressure, which depends on molecular weight,
controls whether the molecules are released into the
gas phase or not. These gases escape by convective
transport from the coal particle. Thus, the tar fraction
comprises of aromatic ring clusters, which are released
during decomposition. This belongs to the lower
molecular weight region with sufficiently high vapor
pressure. The remaining fraction is trapped within
the coal as either solvent-extractable materials or as
liquids. The appropriate mass transport equations
have been included in the FG-DVC model.
In the following paragraphs, the application of the
FG-DVC model is demonstrated. The model predic-
tions have been compared with the experimental
data on the pyrolysis of a Pittsburgh Seam coal
[20,87,89,90], a North Dakota (Beulah, Zap) lignite
[87,91], and Argonne Premium coal samples [92,93].
Figure 25 compares the predictions from the FG-DVC
Figure 24. Comparison of the predictions of CPD model and
‘improved’ CPD model for Illinois (No. 6) coal. The lines
represent the model predictions [86].
Figure 25. Comparison of the predictions of the FG-DVC model (represented by lines) with the data of Fong et al. [90] for Pittsburgh
Seam coal at (a) 813K, 470K sÿ1; (b) 858K, 446K sÿ1; (c) 992 K, 514K sÿ1, and (d) 1018 K, 640K sÿ1 [95].
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model with the data of Fong et al. [90] on total volatile
yield and extract yield as a function of temperature.
The pyrolysis was carried out at 86 kPa [94]. The ex-
periments were performed in a heated-grid apparatus
at the heating rate of500K sÿ1 with variable holding
times and provisions for rapid cool down. There is a
slight discrepancy between the prediction and the data
at early times at the lower temperatures (Figure 25(a)
and (b)). The predictions at the higher temperatures
(Figure 25(c) and (d)) are in excellent agreement with
the data. It is possible that the coal particles are heated
at a slower rate than the nominal temperatures given
by Fong et al. [90], which could be the reason behind
the slight mismatch.
To examine the effect of the rank of coal on cross-
linking, the volumetric swelling ratios (VSR) for North
Dakota (Beulah, Zap) lignite and Pittsburgh Seam
bituminous coal were measured as a function of tem-
perature at a heating rate of 0.5K sÿ1. The VSR can be
related to the cross-link density [89,95]. It has been
reported in the literature [83,91] that the cross-linking
reactions may also release gaseous species. Under this
assumption, the VSR was correlated with the gaseous
species evolved during pyrolysis. Correlations pre-
sented in literature [83,91] show that the evolution of
CO2 from lignite and CH4 from bituminous coal ap-
pear to have similar effects on the VSR. Reactions that
form these gases leave behind free radicals, which can
be stabilized by cross-linking. The coals, which un-
dergo early cross-linking, are less fluid, produce less tar
(of lower molecular weight) as compared with the coals
which do not experience early cross-linking [96]. Based
on the assumption that a cross-link is formed for each
CO2 or CH4 evolved from the char, the predictions
from the FG-DVC model are in good agreement with
the data [83,91].
A sensitive test of the FG-DVC model is its ability to
predict the molecular weight distribution of tar, and its
variation with the rank, pressure, and heating rate. The
predictions are compared with the experimental results
for the Pittsburgh Seam bituminous coal and Beulah
Zap lignite pyrolyzed in the field ionization mass
spectrometer (FIMS) apparatus [97]. The data were
summed over 50 amu intervals. Although the Pitts-
burgh Seam bituminous coal showed peak intensity at
400 amu, the lignite peak appeared at 100 amu.
The predicted average tar molecular weight distribu-
tions are in good agreement with FIMS data, as shown
in Figure 26(a) and (b). Note that one data point re-
presents the average intensity over 50 amu intervals in
these figures. Since both tar distributions are from the
same monomer distribution, the enhanced drop-off in
amplitude with increased molecular weight for lignite,
as compared with bituminous coal, must be due to
early cross-linking and transport effects in the lignite.
The FG-DVC model can also predict the effect of
pressure on the tar molecular weight distribution
and product yield [83]. The internal transport rate is
inversely proportional to the ambient pressure. The
reduced transport rate reduces the evolution rate of
the heavier molecules. Therefore, the average mole-
cular weight and the vaporization ‘cut-off’ decrease
with increase in the pressure. This model was able to
successfully predict variations in the tar and char yields
from pyrolysis experiments executed over a range of
pressures (i.e. from vacuum to 10MPa) [83].
A parity plot of predicted versus measured tar
yields at atmospheric pressure is shown in Figure 27.
A perfect agreement between the model prediction and
experimental data corresponds to the diagonal line in
Figure 26. Comparison of predicted and measured tar mole-
cular weight distributions for lignite and bituminous coals [97].
Figure 27. Comparison of the measured and the predicted tar
yields for a number of coals [98].
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the figure. The experimental data shown in Figure 27
constitute different experimental set-ups and condi-
tions. It is observed that all the data indeed fall on or
near the diagonal. Some other examples of the agree-
ment between the model prediction and experimental
data are shown in Figures 28–30.
4.1.3. Advantages and disadvantages of structural
models. Structural models such as the CPD and FG-
DVC are useful in predicting the production of tar and
char, and evolution of light gases during the devolati-
lization of coal [3,4,82–86,88]. The FG-DVC model is
able to predict behavior such as cross-linking, hydrogen
utilization, and fragmentation during devolatilization
[3,4,88]. It can also predict the swelling and solubility of
coals, and can distinguish between the evolved tar and
solvent-extractable liquid products generated during
devolatilization with reasonable accuracy [3,4,88]. Both
of these models utilize the data generated by instru-
mental analysis. The quality of data must be high and
these are highly coal specific. This restricts the scope of
the model to a unique type of coal, which corresponds
to the input data. The major success of these models is
in the prediction of the variation of yields of tar and
char with operating conditions. This is achieved because
these models consider the structural aspects of coal.
With the inclusion of mass transfer aspects, the FG-
DVC model has become more complex. The CPD
model is computationally more efficient than the FG-
DVC model in its treatment of coal structure [88], and it
is also somewhat less complex.
4.2. Empirical models of coal devolatilization
Empirical models adopt a less sophisticated approach
than the structural models. They take a global approach
to the modeling of devolatilization. Empirical models
were originally developed to model the devolatilization
of pulverized bituminous coals. A general discussion
on the empirical modeling approach is given in the
following sections.
4.2.1. Single first-order Arrhenius models. Since the
complex chemical reactions and transport processes
occurring within the coal particle are not well under-
stood, a number of simple first-order Arrhenius-
type models have been developed. Such models
have been used by van Krevelen et al. [99], Stone
et al. [100], Howard and Essenhigh [101], Wiser et al.
[102], Badzioch and Hawksley [103], Anthony et al.
[37], Kobayashi et al. [104], Maloney and Jenkins [105],
Niksa et al. [29], Sandhu and Hashemi [106], Gokhale
et al. [26], Fu et al. [107], and Sharma et al. [108] for
coals as diverse as bituminous and brown types. The
general form of the model can be represented by the
following equation:
dV
dt
¼ kðV ÿ VÞ ð13Þ
where V is the ultimate yield of volatile matter, and
V-V as t-N. The kinetic rate constant, k, varies
with temperature following the Arrhenius equation,
k ¼ k0 expðÿE=RTÞ ð14Þ
Experimental support for these models has been
presented in a number of works [26,29,37,99–108]. The
Figure 28. Variations of tar and total volatile yields with heating
rate at atmospheric pressure for an Illinois coal. The predictions
are shown by the solid lines [98].
Figure 29. Variations of tar and total volatile yields with heating
rate at atmospheric pressure for a Linby coal. The predictions
are shown by the solid lines [98].
Figure 30. Variations of tar and total volatile yields with
pressure at 1000K sÿ1 for an Illinois coal. The predictions are
shown by the solid lines [98].
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kinetic parameters of these models are extremely sen-
sitive to the operating conditions, and they vary sig-
nificantly to produce a reasonably good fit. These
models are applicable where the kinetic parameters
have been evaluated using the experimental data.
4.2.2. Models with mth-order kinetics. The mth-order
reaction models use the following devolatilization
equation.
dV
dt
¼ kðV ÿ VÞm ð15Þ
According to Peeler and Poynton [75], the mth-order
kinetic model is extremely useful in predicting the
mass-loss data for particles in the size range of
1.4–29mm, and coals ranging from sub-bituminous to
semi-anthracite types. Their data were recorded by
suspending the coal particle from a microbalance into
a hot stream of nitrogen gas, and the transient weight
loss profiles were analyzed. The experiments were
conducted at 1173K and the rate constant, k, was re-
lated to the particle size as,
k ¼ pd^ q ð16Þ
where d^ is the geometric mean diameter of coal parti-
cle, and p and q are coal-dependent parameters. The
reaction order was reported to vary between m5 0.4
and 0.6 depending upon the type of coal [75].
The reaction rate constant is found by choosing the
reaction order so that fractional devolatilization varies
linearly with time. Peeler and Poynton [75] have shown
that the rate expression fits the experimental data well.
They have given a linear relationship between devola-
tilization time and particle diameter, which is shown in
Figure 31. The reason for some deviation observed
between the fit of the model and the experimental data
may be that the experimental temperature (1223K)
was higher than the temperature employed by Peeler
and Poynton (i.e. 1173K) [75].
In contrast to the reaction orders reported by Peeler
and Poynton [75], Li et al. [109] have reported reaction
orders between m5 1.27 and 4.5. The particles studied
by them were small (viz., ÿ0.125 and 10.075mm).
They used a TGA with a variable heating rate.
The lower reaction orders indicate that the devolatil-
ization of large coal particles becomes less kinetically
controlled as the particle size increases, and pheno-
mena such as heat and mass transfer become increasingly
important.
4.2.3. Competing reaction models. The inability of the
single first-order and mth-order reaction models to
describe the devolatilization behavior of coals over a
wide range of operating conditions has led to the
development of more sophisticated reaction models
such as the ‘competing reaction’ models. Doolan et al.
[110] combined the single first-order model for volatile
evolution with a similar term describing the decom-
position of volatile matter according to the following
equation:
dVi
dt
¼ kviðV

i ÿ ViÞ ÿ kdiVi ð17Þ
where Vi represents the yield of species i and V

i
represents the ultimate yield of the same species. kvi
denotes the rate of evolution of species i, which is
proportional to the amount of species i remaining
in the coal, i.e. ðVi ÿ ViÞ. kdi refers to the rate of
decomposition of species i, which is related to the
amount of species i which formed Vi. A similar
approach was used by Cliff et al. [22], and Yang and
Wang [111]. Jamaluddin et al. [112] have compared the
effectiveness of several models. They have reported
that the competing reaction model was able to provide
better predictions over a range of heating rates. It
predicted the final temperature more accurately than
the single first-order reaction model. It also performed
better in predicting the yields of various volatile species
at the higher temperatures.
4.2.4. Multiple parallel reaction models. In multiple
parallel reaction models, a particular volatile species is
evolved via a number of simultaneous, independent,
first-order reactions. Each species is derived from a
number of sources within the coal structure, each of
which yields the species according to differing kinetics.
Tomeczek and Kowol [113] proposed that individual
volatiles can be derived via several (usually four to
six) simultaneous, independent, first-order reactions.
Several models have been developed in which coal
devolatilization has been described by infinite number
of simultaneous, independent, first-order reactions
[31,59,114–123]. A significant amount of work has
been carried out using the multiple parallel reaction
models for large particles. Agarwal et al. [114]
concluded that the modeling approach involving
multiple parallel reactions was able to predict both
mass-loss and evolution of individual gaseous species
from large coal particles with reasonable accuracy.
Figure 31. Variation of devolatilization time with initial particle
size [75].
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However, as the time increases, the computational time
necessary for calculating the volatile yield becomes
increasingly larger.
4.2.5. Shrinking-core model. It has been demonstrated
in the literature [124] that the devolatilization of coal
can be described by the shrinking-core model, assum-
ing no change in the size of the particles. Chern and
Hayhurst [124] performed devolatilization studies with
bituminous and lignite coals in a fluidized bed in
nitrogen atmosphere by withdrawing coal particles
from the hot bed before any fragmentation could
occur. The particle was then quenched in nitrogen,
weighed, sectioned, and examined under a microscope.
Apart from the final stages of devolatilization, these
particles had a central core of virgin coal, surrounded
by char. The boundary between these two regions was
sharp, indicating a shrinking core. The velocity of the
movement of the boundary was found to be constant.
This conclusion was confirmed by the measurement of
the mass of the particle with time. They developed a
model incorporating heat transfer from the fluidized
bed to the exterior of the coal particle, followed by
heat conduction through the outer layer of the char to
provide the enthalpy required for the endothermic
thermal decomposition in the moving reaction zone.
This model predicts that apart from the very beginning
and the end of devolatilization, there is an almost
constant velocity of the shrinking core of the raw coal.
They concluded that it is possible to describe the
generation of volatile matter with a simple shrinking-
core model, at least for the early stages of pyrolysis.
They also concluded that although their model
matched and described the observations well for
bituminous and lignite coals, it was not suitable for
anthracite coals, which chatter into many pieces soon
after entering the hot fluidized bed. The time for
devolatilization, tv, is given by,
tv ¼
rDH
ktDT
 
kt
3ah
1
1
6
 
a2 ð18Þ
where kt is the thermal conductivity of coal, a is the
radius of the coal particle, h is the convective heat
transfer coefficient, r is the density of original coal, DH
is the enthalpy required to devolatilize unit mass of
coal, and DT is the difference of temperature between
the fluidized bed and the surface of the shrinking
reaction core.
This model is based on several assumptions. As
mentioned earlier, it assumes that devolatilization
proceeds with a shrinking core of virgin coal sur-
rounded by char. Because of its relatively high poro-
sity, the char offers no resistance to the gases and
vapors leaving the thin reaction zone. Devolatilization
is controlled by the rate at which the enthalpy for
thermal decomposition is provided by convective
heat transfer from the bed to the outer surface of the
particles and subsequently by conduction through
the char.
Equation (18) shows that if h is finite, the effect of
external heat transfer is to prolong devolatilization
time by a factor ½112kt=ðahÞ over the case when
h5N. Chern and Hayhurst [124] derived the follow-
ing equation for devolatilization time.
tv ¼
t
kt
ah
1
1
2
 
kt
ah
ÿ
3
2
rc
a
 2
1 1ÿ
kt
ah
 
rc
a
 3
1
1
2
ð19Þ
They have plotted the calculated values of rc/a (where
rc is the radius of the shrinking core) calculated from
Equation (19), against t/tv (where t is the time) for
values of kt/(ah) ranging from 0 to 25. Although
Equation (19) is a cubic equation, there are regions for
0.1okt/(ah)o5 where the plots are actually straight
lines. They showed that for kt/(ah)5 0.5, there is a
prolonged linearity. The quantity, kt/(ah), is a measure
of the relative magnitudes of the convective and con-
ductive resistances, which is often expressed in terms of
the Biot number (defined as, Bi5 ha/3kt).
Chern and Hayhurst [124] have stressed upon the
excessive simplicity of the steady-state treatment of their
model. In their model, the coal decomposition tem-
perature was assumed to be constant, which is
not true for the low-rank coals, which decompose at
a lower temperature. The thermal conductivity was as-
sumed to be independent of temperature, which is also
not accurate. The particle radius was assumed to be
constant, which is questionable as particles undergo
swelling and develop fissures in the char. All the sensible
heat for coal and char was assumed to be negligible as
compared with the enthalpy of devolatilization. Loss of
moisture from the coal and the associated latent heat
were ignored. Intrinsic kinetics of devolatilization was
assumed to be very fast. Chern and Hayhurst [124]
arrived at the conclusion that despite all these simplifi-
cations, the shrinking-core model predicts that at least
during some parts of devolatilization, there is constant
velocity at which the core of the raw coal shrinks.
4.2.6. Advantages and disadvantages of the empirical
models. The simplicity of the empirical coal devolatili-
zation models is due to the assumption that the entire
process can be represented by a simplified overall
reaction rate on a global scale, rather than consideration
of the rupture of individual bonds within the coal
macromolecule. The second advantage is that extensive
data related to the structure of the coal are not required
in these models. The data necessary to supplement the
empirical models can be obtained with far simpler
techniques than that required for the structural models
(mainly due to the type of data involved).
Empirical models have no distinct relation with the
parent coal structure, which is a limitation for rigorous
modeling of devolatilization. Other coal properties
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related to the structural changes occurring during de-
volatilization (e.g. solvent swelling) cannot be pre-
dicted by these models. Empirical models are less
effective in predicting the yields of tar, char, and vo-
latile gases. Empirical models are deterministic by
nature. They use the average values of the fluctuations
of parameters, which are determined experimentally.
Hence, the empirical models are useful only within the
range of data, which are used for the development of
the model.
5. MODELINGOF DEVOLATILIZATION
OF LARGE COAL PARTICLES
Modeling of devolatilization of large coal particles
differs from that of the pulverized coal particles,
because the temperature of the particle can no longer
be assumed to be uniform throughout the particle
during heating (i.e. lumped approach). This is parti-
cularly relevant in fluidized bed systems where high
heat transfer rates deliver heat rapidly to the particle
surface. Longer devolatilization time may result due to
the internal heat conduction limitations, which result
in a slower transfer of heat to the center of the particle.
5.1. Kinetic modeling
The most significant change in the devolatilization
mechanism for large particles (which are relevant to
fluidized bed pyrolysis) is due to the secondary
devolatilization reactions. During this stage, the
primary volatiles undergo cracking, condensation,
polymerization, and char formation reactions while
transported out of the particle. The FG-DVC model
for coal devolatilization is the most comprehensive
structural model which incorporates the transport
processes into the overall model. However, it has a
major limitation because of its inherent complexity.
Empirical models present a less complicated solution
and therefore, these models may be suitable for
integration into the devolatilization models for large
particles. This has been performed in several studies
[18,73,75,107,113–116,118,121,125]. These studies have
shown reasonable success in predicting the total mass-
loss and evolution of individual volatile species from
the large coal particles during devolatilization. How-
ever, the predictions of empirical models are limited
to the experimental condition, experimental set-up,
particle size, and coal properties.
Peeler and Poynton [75] have determined the kinetic
parameters for various types of coal by fitting the
experimental data of devolatilization. They found the
order of the reaction by trial and error, and determined
the reaction rate constants. The reaction rate constant
was found to depend on the properties of coal. Once
the reaction order and the rate constant are known, the
mass-loss profiles of large coal particles with time can
be predicted. Peeler and Poynton [75] have verified
their model with the data of Stubington and
Sumaryono [15] (Figure 31). In this model, the data on
coal structure or information on bond linkage are not
necessary. This model, however, does not give any
information on the production of tar and gas during
devolatilization.
5.2. Modeling of heat transfer
Large internal temperature gradients during the
heating of large coal particles have been reported by
Garcı´a-Labiano et al. [73], Tomeczek and Kowol [113],
Agarwal et al. [115], and Adesanya and Pham [121].
Tomeczek and Kowol [113] highlighted the importance
of particle temperature response by stating that any
verification of model by mass-loss data alone is not
sufficient, and the model should be verified by means
of the predicted and measured temperature responses.
Zedtwitz et al. [126] developed a numerical model
for heat transfer for steam gasification of coal in a
fluidized bed contained in a quartz tubular reactor that
was directly exposed to concentrated thermal radia-
tion. The Monte Carlo method was applied for solving
the radiative exchange within the reactor walls, bed
particles, and the gas phase. The reaction kinetics was
described by Langmuir–Hinshelwood type rate laws.
After comparing experimentally measured values
with the numerically computed temperature profiles,
product gas compositions and conversions, they con-
cluded that heat is transferred to the particles pre-
dominantly by thermal radiation and to the gas by
particleÿgas convection because absorption of radia-
tion by the particles is three orders of magnitude higher
than that of the gas phase.
5.3. Modeling of mass transfer
It is generally acknowledged that mass transfer of
volatile products within the particle is a significant
factor in coal devolatilization [15,59,113,114]. The role
of mass transfer during devolatilization cannot be
ignored especially for the large coal particles, because
the volatile mass produced must go out through the
particle surface. Many factors such as ambient
pressure, pore size, and volatile content can influence
the transport of volatiles.
Winter et al. [51] have studied the devolatilization of
coal at fluidization velocities in the range of 0.3–9m sÿ1.
They reported that with increase in the fluidization
velocity, the loss of carbon during devolatilization
increased. This was attributed to the higher rate
of transfer of oxygen to the surface of the particle.
Relatively few studies on mass transfer in the devolati-
lization of large particles have been reported. Peters and
Bertling [30] studied the pyrolysis of coking coals in the
size range of 1–15mm. They pointed out that larger
temperature gradients could exist within the particle for
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high external heat transfer coefficient (as would be
encountered in fluidized beds). They interpreted their
results by comparing the devolatilization process to the
drying of coke. They developed a correlation of frac-
tional release of volatile matter with the temperature
of pyrolysis and particle size, which is given by the
following equation:
V
V
¼ 3 10ÿ4ðTb ÿ 330Þd
ÿ0:26t ð20Þ
where Tb is the temperature of the fluidized bed, d is the
particle diameter, t is time, V is the volatile matter
evolved at time t, and V is the total volatile matter
evolved. Essenhigh [78] studied the devolatilization of
particles having diameter in the range of 0.295–4.76mm
in a non-fluidized combustion system. According to his
model, the volatiles form a drop and the volatile matter
transfers from the drop surface to the outside. Assuming
mass transfer as the rate-limiting step, he proposed that
the time required for devolatilization could be predicted
by the following equation:
tv ¼ sd
Z
8Pca
 
V
100
 
d2 ð21Þ
where P is the permeability of the char, Z is the viscosity
of the flowing volatile matter, sd is the density of the
drop liquid, and ca is the proportionality constant
between the rate of transformation of liquid to vapor
at the surface of the drop (per unit area) and the rate of
shrinkage of the drop.
La Nauze [60] has proposed a model for devolatili-
zation assuming internal mass transfer as the rate-
controlling step. The total time for volatile evolution
was shown to follow the equation,
tv ¼
rvd
2
24Dc
ð22Þ
where rv is the molar density of volatile matter in the
particle, D is the effective diffusivity of the volatiles
through the char of diameter d, and c is the mean value
of concentration of volatiles, assuming a uniform dis-
tribution of potential volatile species throughout the
particle. The approach of LaNauze [60] is similar to
that of Essenhigh [78], except in the treatment of the
diffusion process. Gavalas [38] has studied the effect of
mass transfer limitation on the pyrolysis of coal.
Ju¨ntgen and van Heek [127] have presented two differ-
ent models that take into account the transition from
reaction-controlled pyrolysis (independent of particle
size) to diffusion or heat transfer-controlled pyrolysis
(dependent on particle size and rate of heating). They
suggested that under the conditions of fluidized bed
combustion, where the rate of heating is20–170Ksÿ1,
the process is reaction-controlled when the particle dia-
meter is o0.6mm.
6. ECONOMIC ANALYSIS
Koornneef et al. [128] have analyzed the development
and economical performance of FBC boilers. They
have prepared a database of technological and
economic data on nearly 500 FBC projects. Analysis
of these projects shows that the variants of FBC, viz.,
CFB and BFB, technologies have evolved differently
over time. Market regulation, environmental legisla-
tion, and R&D programs are the key parameters for
the market acceptance and technological development
of FBC. The important driving forces for FBC
technology are fuel availability, required applications
in the market, innovation spill-over and competing
technologies. There are continuous improvements in
fuel diversification, technical availability, efficiency,
and emissions. Koornneef et al. [128] have observed
that there is a decline in specific investment cost in
terms of economical performance. The effect of
technological learning and experience on the economic
performance of FBC technology was analyzed using
the experience curve method and the theory of
economies of scale.
6.1. Experience curve
One way of measuring technological learning or
experience is by the economical performance of the
technology. The International Energy Agency states
that price is the most important measure of perfor-
mance in a new technology [129]. The measurement of
learning and experience can be a useful tool to analyze
the trend of cost reduction of new energy technologies.
Experience curve depicts the learning in terms of
everyday experience and the activities of the engineers,
sales representatives, and other employees. According
to Lundvall [130], it can be summarized under three
types of learning, viz., learning by doing (i.e. increasing
the efficiency of production operations), learning by
using (i.e. increasing the operation efficiency of
complex systems), and learning by interacting (i.e. by
the interaction between users and producers).
By analyzing these trends, prospects of future energy
cost, potential and commercialization of a new energy
technology can be made [131]. A well-established and
documented method for quantifying technological
change with the use of economical factors as measuring
tool is the experience curve. The general equation of
experience curve is expressed as [131]:
Ccum ¼ C0ðNcumÞ
b ð23Þ
where Ccum is the cost of a unit after a number of
cumulative units are produced, C0 represents the cost
of the first unit, and Ncum is the cumulative number of
units produced. The most important element in this
equation is the experience index, b. It is the slope of the
curve of the cumulative production of FBC units ver-
sus the EPC prices, as depicted in Figure 32. It defines
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the steepness of the curve and thus determines the
reduction of cost. The index b can be calculated for
every doubling of the cumulative production. The
quantity (1–2b) is called the learning rate (LR) and 2b is
the progress ratio (PR). The progress ratio quantifies
the relationship between cumulative production
and cost (or price). A progress ratio of 0.9 means that
the cost to produce a unit after one doubling of
cumulative production is 90% of that of the first
unit produced. Experience curves are mainly expressed
in logarithmic axes. When plotting in logarithmic
axes, equal relative changes in ordinate and abscissa
are expressed linear. The main advantage of this
method is that the line (i.e. the experience curve)
appears in the form of a linear equation. Hence, the
decline of cost can easily be observed and compared
with other technologies. The experience curve can be
developed by regression analysis. The analysis also
yields two valuable indicators for the ‘quality’ of the
estimated relationship. The value of ~R2 indicates
the goodness of the fit of the model. Figure 32 depicts
the experience curve for EPC (i.e. engineering, pro-
curement and construction) prices of new CFB plants
in North America for no fuel challenge and standard
design.
The analysis by Koornneef et al. [128] yielded
progress ratios (PR) ranging from 0.42 to 0.93 for
different groups of projects (e.g. new plant, repower
(i.e. repowering of existing power plant with new
equipment and modification), retrofit, add-on and
conversion) and different parts of the capital break-
down (e.g. total project price, EPC price, and boiler
price). This means that the specific investment prices
decline with every doubling of the cumulative installed
capacity. The progress ratio for new FBC plants lies
between 0.90 and 0.93. These values correspond with
the average PR of 0.9 for power plants reported in the
literature [128]. The economies of scale (scale-up)
have a significant influence on the investment price.
Scale factors are found in the range of 0.62ÿ0.81 for
different groups of projects. According to these scale
factors, specific investment price decreases, respec-
tively, between 25 and 12%, with every doubling of the
plant capacity.
Borah et al. [46] have presented approximate capital
cost of an atmospheric fluidized bed combustor
(AFBC) with air containing 30% oxygen, which was
calculated using the data reported by M/S Alstom
Power Inc. [132]. The unit costs were compared with
the data given by Wong and Whittingham [133]. These
are presented in Table VI. From this table, it can be
observed that the unit cost of the AFBC system is
lowest. When an AFBC is upgraded with additional
requirement of oxygen, the unit cost becomes higher
than the subcritical and supercritical pulverized coal
combustion systems as well as the atmospheric flui-
dized bed combustion system. However, the cost is still
lower than the pressurized fluidized bed combustion
system and IGCC. Since the devolatilization time in
oxygen-enriched air is shorter in comparison with air
[46], the combustion efficiency and boiler efficiency are
likely to be higher than that in the AFBC. The plant
efficiency is anticipated to be marginally lower than the
AFBC because of the consumption of power for air
separation. A comparative study of CO2, SO2, NOx,
and particulate emission has also been presented in
Table VI.
Table VI. Comparison of cost involved in various combustion technologies [46].
Technology
Cost
(Canadian
$MWhÿ1)
Plant
efficiency
(%)
CO2
emission
(kgMWhÿ1)
SO2
emission
(kgMWhÿ1)
NOx
emission
(kgMWhÿ1)
Particulate
emission
(kgMWhÿ1)
Subcritical pulverized coal combustion 43.30 33 1000 1.6 2.1 0.5
Supercritical pulverized coal combustion 42.94 38–43 770–870 1.4 1.8 0.4
Atmospheric fluidized bed combustion 42.45 36 920 0.3 0.5 0.4
Atmospheric fluidized bed combustion with
30% oxygen-containing air
44.91 n/a n/a n/a n/a n/a
Pressurized fluidized bed combustion 45.58 42 790 0.1 o0.7 0.1–0.5
Integrated gasification combined cycle 46.04 45 735 0.0 0.3–0.5 0.0
Figure 32. Experience curve for EPC prices of a new CFB plant
in North America for no fuel challenge (e.g. polyethylene,
plastics and wood bark) and standard design (i.e. coal) [128].
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7. POSSIBLE MODIFICATIONS IN
THE DESIGN OF FLUIDIZED BED
COMBUSTOR
The FBC technology is a mature technology for
industrial applications. Possible areas where future
research and development is needed have been
indicated by some FBC operators. The three most
important areas (in order of importance) for FBC used
in industrial applications are materials handling,
environmental control technology, and boiler reliabi-
lity. The operators of FBC technology for utility
applications have indicated boiler reliability, fuel
flexibility, and environmental control technology as
the most important R&D areas [134]. Future develop-
ment of BFB technology is likely to be limited to
ensuring fuel flexibility on existing designs for the
increasing use of biomass and/or waste as feedstock
with, or instead of, coal. The BFB technology should
ensure a firm market share in the niche market of
small and cogeneration units. Contrary to CFB, fewer
number of major industrially focused international
R&D projects are underway for BFB.
There are some inherent problems associated with
BFB. Some of these are explained below.
1. The fuel preparation and feeding systems some-
times get jammed and cannot maintain a homo-
geneous flow [128]. The reason may be that the size
of particles is such that the saltation velocity of the
large particles is higher than the velocity of gas in
some regions of the flow system so that the
particles settle down. When the number of such
particles becomes large, it may resist flow of solid
feeding. Use of large particles reduces the cost of
crushing. A compromise of particle size has to be
brought because large particles need longer devo-
latilization time, which may push the combus-
tion of volatiles to the freeboard section of the
combustor. It also requires very high transporta-
tion velocity and smaller particle size, which will
induce more crushing cost. The evolution of
volatile matter with time for a batch of feed coal
particles can be calculated using the empirical or
semi-empirical models. Therefore, the total amount
of volatile matter required to be handled can be
calculated at any time and the feed size of coal can
be determined to obtain the required output.
2. The use of sorbent (lime for combustion of high-
sulfur coal) is often higher than that expected
[128], which leads to various problems in sorbent
feeding and waste disposal. The particle size of
the sorbent is higher in the BFB than the CFB.
Hence, the surface area of the particles in the
BFB is less than the CFB. Hence, the absorption
efficiency of sorbent in CFB is higher than BFB.
BFB requires more sorbent for similar applica-
tion. However, smaller particle size requires more
crushing power and thereby increases operation
cost. The use of oxygen-enriched air can help to
convert the calcium sulfite to calcium sulfate. The
absorption of sulfur dioxide will also be high.
Therefore, by increasing the percentage of oxygen
in the fluidizing gas, the absorption efficiency of
lime particles can be increased in BFB.
3. Another problem often encountered is that the
temperature in the freeboard is higher than that
anticipated [128]. As a consequence, the design
lacks sufficient heating surface. The reason for
this phenomenon is that a major fraction of the
volatile matter evolved during devolatilization of
coal burns in the freeboard section of the
fluidized bed. This increases the temperature of
the freeboard more than that anticipated. The
volatile matter evolved in fluidized bed is on
average 25% higher than the proximate volatile
content of coal. The particle size of the coal feed
needs to be optimized to reduce burning of
volatile matter in the freeboard section of the
fluidized bed. Increase in the oxygen content in
the fluidizing gas can reduce devolatilization time
and increase combustion inside the fluidized bed.
4. The main problem that arises while scaling up
BFB is the geometry of the boiler. With increase
in the capacity of a BFB boiler, the cross-section
of the boiler must be enlarged. This leads to
problems in fluidization of the combustion
mixture and leads to a shortage of heat transfer
surface between the bed and the working fluid
[128]. Use of multiple fluidized beds may be a
solution to this problem.
Several opportunities remain to support further
development of the supercritical CFB and the pressurized
CFB [135]. Further developments in improvement of
efficiency, fuel flexibility, effective scale-up, and reduction
in the capital cost are needed for CFB to remain a
competitive technology and gain market share in the
utility segment. The total worldwide installed capacity of
BFB is surpassed by the capacity of CFB. This is mainly
due to the rapid diffusion of CFB, which started in the
1980s. The cost of BFB is lower than CFB and PFBC.
With oxygen-enriched air, the cost of BFB is still lower
than PFBC [16]. Hence, BFB can be considered as one of
the viable options in the power generation applications.
8. CONCLUDING REMARKS
In this review, emphasis has been placed on developing
a mechanistic understanding of coal devolatilization
and how it relates to the parent coal structure and
properties. The structural and mechanistic models not
only provide a physicochemical description of the
devolatilization process but also form the basis on
which observations regarding the influence of various
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parameters on the devolatilization products can be
analyzed and a rationale for the observed effect can be
deduced. Devolatilization of large coal particles is
complicated and the effect of 10 different parameters
has been analyzed. No single parameter can explain the
trends observed in the evolution of volatile matter.
Temperature is a key parameter for the devolatilization
of coal, because the physicochemical transformations
of the constituents of coal depend on temperature.
The reactions occurring during devolatilization are
mostly endothermic. Hence, the heating rate plays an
important role in devolatilization. Because the specific
heat of coal varies with the volatile content of coal, the
coal particles having different specific heat are heated
at different rates even though they are exposed to a
similar heating condition. As a result, the evolution of
volatile matter also differs, and it also depends on the
volatile matter content of coal. Coal particles contain-
ing the same percentage of volatile matter but of
different size are heated at different rates when exposed
to similar conditions. When the fluidization velocity is
increased, the increase in turbulence accelerates devo-
latilization and reduces devolatilization time. Increase
in pressure in the system increases resistance to
diffusion of the volatile products out of the coal
particle. Oxygen concentration plays a vital role in the
devolatilization of coal. The volatile film at the surface
of the coal particle is oxidized in the presence of
oxygen releasing sensible heat, which increases heat
transfer to the particle, thereby increasing the rate
of devolatilization and decreasing the time of devola-
tilization. Consequently, the devolatilization time
decreases as the oxygen concentration increases.
Devolatilization is considerably faster in the presence
of oxygen-enriched air than inert gas or air. This can
increase the combustion efficiency and heat transfer
from the bed.
Structural models are effective in predicting the
yields of tar and light gas, and production of char
during devolatilization. The FG-DVC model can pre-
dict cross-linking, hydrogen utilization, and fragmen-
tation during devolatilization. FG-DVC model can be
applied to predict the solvent swelling and insolubility
behavior of coals. It can distinguish between the
evolved tar, solvent extractable, and liquid products
generated during devolatilization with reasonable
success. The CPD model is generally considered to be
more computationally efficient than the FG-DVC
model in its treatment of coal structure. However, it is
not as sophisticated in its consideration of the struc-
tural changes occurring during devolatilization. The
quality and quantity of data required for the structural
models is high and they are coal-specific as well. This
reduces the scope of these models to a unique type of
coal that corresponds to the input data. The empirical
models are simple in comparison with the structural
models. These models assume a simplified overall
reaction rate for the entire devolatilization process.
Hence, extensive data relating to the structure of the
coal are not required. Only kinetic parameters and
data on the temperature of the particles are required.
The kinetic parameters are sometimes available in
literature. In some specific cases, appropriate kinetic
data need to be generated. The data required for these
models can be obtained with rather simple techniques
as compared with that required for the structural
models. However, the applicability of the empirical
models is limited to devolatilization (i.e. volatile gas
and tar evolution) only. These models are not effective
in predicting the relative yields of tar, char and volatile
gases due to their total independence of the coal
structure.
Modeling of devolatilization of large coal particles
poses a number of additional challenges to that of the
pulverized coal particles. The particle size has a signi-
ficant effect on the mechanism of coal devolatilization.
Large particles effectively increase the residence time
of the primary volatiles within the particles, thus
providing additional opportunities for subsequent
secondary reactions. Modeling of these secondary
reactions is complex, and ideally should be coupled
with mass transfer equations such that the rate of these
reactions and the rate of mass transport of the pri-
mary volatiles out of the particle can be considered
simultaneously. This substantially increases the com-
plexity of the kinetic model. However, it has been
shown that this can be achieved with the use of the
FG-DVC model. However, so far the FG-DVC model
has not been combined with a sophisticated thermal
model for the large particles. It is envisaged that such
a model would be highly rigorous but quite complex
because of the inclusion of drying, and combustion of
volatile matter and char.
In a fluidized bed, the particles are not of the same
size and a distribution of particle size exists. Therefore,
the operation of fluidized bed requires stochastic
modeling. The probabilistic approach allows defining
some statistical measures for the variation in size.
Therefore, it can be superior to the deterministic
empirical models [136]. The statistical modeling of the
evolution of volatile matter with respect to particle size
and temperature will increase the accuracy of the
model. A more complicated issue is the heterogeneous
nature of coal, which causes difference in the proper-
ties among coals belonging to the same colliery.
The progress ratio for the new FBC plants lies
between 0.9 and 0.93. These values correspond with the
average progress ratio of 0.9 for power plants reported
in the literature. The economy-of-scale has a significant
influence on the investment cost. Scale factors are
found in the range of 0.62ÿ0.81 for different groups
of projects. The specific investment price decreases
between 25 and 12% with every doubling of the plant
capacity.
The efficiency of BFB can be increased by using
oxygen-enriched air. The cost of BFB is lower than
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CFB and PFBC. Hence, BFB can still be considered
as one of the alternatives in the power generation
scenario.
NOMENCLATURE
a 5 radius of coal particle (m)
A 5 correlation constant (smmÿn)
A1 5 correlation constant for air (s mm
ÿn1 )
A2 5 correlation constant for the parameter
C of mass versus time correlation
(s mmÿn2 )
A3 5 correlation constant for devolatiliza-
tion time at different oxygen concen-
tration (s mmÿn3 )
Ad 5 ash content on dry basis (%)
b 5 experience index
Bi 5Biot number, Bi ¼ ha=ð3ktÞ
c 5mean value of concentration of vola-
tile matter assuming a uniform dis-
tribution of potential volatile species
throughout the particle (molmÿ3)
ca 5 constant of proportionality between
the rate of transformation of liquid to
vapor at the surface of the drop of
volatile matter (per unit area) to the
rate of shrinkage of the drop of
volatile matter (kg2mÿ2 sÿ2)
cO2 5 concentration of oxygen in the fluidiz-
ing gas (%)
C 5 constant for mass versus time correla-
tion (sÿM)
C0 5 cost of the first unit ($)
CCUM 5 cost of a unit after a number of
cumulative units are produced ($)
Cdaf 5 carbon content on dry ash-free basis (%)
d 5 diameter of the coal particle (m)
d^ 5 geometric mean diameter of coal
particle (m)
D 5 effective diffusivity of the volatile
matter (m2 sÿ1)
E 5 activation energy (Jmolÿ1)
h 5 convective heat transfer coefficient
(Wmÿ2Kÿ1)
Hdaf 5 hydrogen content on dry ash-free basis
(%)
k 5 rate constant (sÿ1)
k0 5 frequency factor (s
ÿ1)
kdi 5 decomposition rate of species i (s
ÿ1)
kt 5 thermal conductivity of coal
(Wmÿ1Kÿ1)
kvi 5 rate of evolution of species i (s
ÿ1)
m 5 reaction order
M 5 constant for mass versus time correlation
n 5 correlation parameter
n1 5 correlation parameter
n2 5 correlation parameter
n3 5 correlation parameter
Ncum 5 cumulative number of units produced
Odaf 5 oxygen content on dry ash-free basis (%)
p 5 constant (sÿ1mmÿq)
p 5 ratio of volatile yield to that of
proximate volatile content of coal
P 5 permeability of the char (m2)
q 5 constant
r 5 radial distance from center (m)
rc 5 radius of the unreacted core of the coal
particle (m)
R 5 universal gas constant (Jmolÿ1Kÿ1)
~R 5Pearson correlation coefficient
t 5 time (s)
tv 5 devolatilization time (s)
T 5 temperature (K)
Tb 5 temperature of the fluidized bed (K)
v 5 superficial velocity (m sÿ1)
V 5 volatile matter content at time t
(kg kgÿ1 of dry coal)
V0 5mass of coal at t5 0 (kg)
VN 5mass of coal after devolatilization
(i.e. t5N) (kg)
Va 5mass of coal at time t (kg)
Vdaf 5 volatile matter content on dry ash-free
basis (%)
Vi 5 yield of species i (kg kg
ÿ1 of dry coal)
Vm 5 volatile matter content of coal (kgkg
ÿ1)
V* 5 ultimate yield of volatile matter
(kg kgÿ1 of dry coal)
Vi 5 ultimate yield of species i (kg kg
ÿ1 of
dry coal)
xo 5mole fraction of oxygen
Greek symbols
ac 5 thermal diffusivity of coal (m
2 sÿ1)
DH 5 enthalpy of devolatilization (J kgÿ1)
DT 5 temperature difference between the
fluidized bed and the surface of the
unreacted core of radius rc (K)
er 5 emissivity
Z 5 viscosity of the flowing volatile matter
(Pa s)
r 5 density of virgin coal (kgmÿ3)
rv 5molar density of volatiles in the
particle (molmÿ3)
sd 5 drop density (kgm
ÿ3)
sr 5 StefanÿBoltzmann’s constant
(Wmÿ2Kÿ4)
Abbreviations
BFB 5 bubbling fluidized bed
CFB 5 circulating fluidized bed
CPD 5 chemical percolation devolatilization
EPC 5 engineering, procurement and con-
struction
FBC 5 fluidized bed combustion
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FG-DVC 5 functional group-depolymerization,
vaporization and cross-linking model
FIMS 5 field ionization mass spectrometer
IEA 5 international energy agency
IGCC 5 integrated gasification combined cycle
LR 5 learning ratio
NMR 5 nuclear magnetic resonance
PCFB 5 pressurized circulating fluidized bed
PFBC 5 pressurized fluidized bed combustion
PR 5 progress ratio
R&D 5 research and development
TGA 5 thermogravimetric apparatus
VSR 5 volumetric swelling ratio
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